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Chapter 3 o
THERMAL RADIATION PHENOMENA Il

-

Within a few seconds after the explosion
3 typical low altitude nuclear fireball emits
about a third of the weapon vield as infrared,
visible, and ultraviolet radiation (see Figure 4-1).
This sudden pulse of thermal energy may dam-
age any target that is susceptible to high temper-
atures. The damage may take many forms, but
the effects that are most frequently of ccacem
are fires that start as the result of ignition of
thin combustible materials (e.g., ;¢ r or dried
leaves) and injuries to personnel, in the form of
bums.

The thermal pulse decays as the fireball
fades, but there is no specific time that marks
the end of the thermal radiaticn from the fire-
ball. At late times, as the radioactive cloud rises,
the heated air in the nuclear cloud still radiates
some thermal energy; however, this radiant
energy is released so slowly that it has little mili-
tary importance. Therefore, in this chapter, the
terms “‘thermal radiation phenomena,” “thermal
effects,” and *‘thermal pulse” only pertain to
was poriion of the radiated energy that could be
termed the “prompt thermal pulse.™

This restriction in the meanings of terms
such as “thermal effects™ excludes a number of
nuclear burst phenomena that are thermal in the
broader sense. For example, firchall rise is a
thermal effect; the fireball is buoyant for the
same reason that a hot-air balloon is buoyant.
Another effect that properly could be termed
thermal is the radiation of X-ray energy by the
nuclear source. The X-ray energy is the thermal
radiation that is characteristic of an extremely
high temperature source (see Chapter 4). In
many situations, e.g., low altitude bursts, this
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radiation has no direct effect on targets, becaunse
it is absorbed by air close to the source. In other
situations, notably aerospace vehicles exposed to
high altitude detonations, this X-ray energy be-
comes one of the most important direct damage
mechanisms. This damage mechanism is dis-

~cussed in Section V, Chapter 9.

RADIANT EXPCOSURE .

Four variables determine the effects of
the thermal pulse on a target:
® The amount of euxergy that is incident on
the target.
©® The time history of the thermal pulse.
® The spectral distribution of the radiant
energy.
® The directional characteristics of the inci-
dent radiation, e.g., does it come directly
from the source, or is it scattered and
therefore arrives from many directions.
In most cases of military interest the first of the
variables is dominant. A careful analysis cannot
ignore the other three, but a preliminary evalua-
tion of a thermal environment, for example, a
calculation to determine whether a thermal
problem exists, often can be based on the total
received.
The energy delivered by the thermal
P usually is specified in-terms of radiant ex-
posure, the energy per unit area incident on the
target surface. It is denoted by the symbol Q
and is conventionally measured in units of
calories per square centimeter (cal/cm?). The
factors that afTect the radfant exposure are dis-
cussed separately in the following paragraphs.
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31 Thermal Partition G
The ratio of the thermal energy radiated
by the fireball of a nuclear explosion to the total
yield is thermal partition (sometimes called ther-
mal efficiency), denoted by the symbol f. For
burst altitudes below 100,000 feet and yields
between 1 kt and 10 Mt, values of thermal parti-.
tion may be determined from Figure 3-1. For
higher burst altituvdes, thermal partition must be
determined by the method described in para-
graph 3-19. If the burst is below 180W®* feet
(where W is the yield in kilotons), it is classed as
a surface burst and the thermal partition should
be determined by the method described in para-
graph 3.9,
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Problem 3-1. Calculation of Thermat Partition

igure 3-1 contains a family of curves

that show the thermal partition as a function of?

vield and height of burst. The data in Figure 3-1
apply to yields between 1 kt and 10 Mt and to
burst altitudes from 180W?-* feet (where W is
the vield in kt) to 100,000 feet.
cxample
iven: A 10
39,000 feet. .
Find: The thermal energy that is radiated.

Solutipn: From Figure 3-1, the thermal
¢ A - 1he therma! energy radiated is

t explosion at an altitude of

etavitiry

The shapes of the contour lines in Fig-
urc 3-1, and the précision with which values may
ha wand from these lines suggest clearly estab-
lished relations between yield, altitude, and ther-
mal partition; however, the contour lines were
obtained by fitting curves to the results of com-
puter code calculations. Although many aspects
of the computed results have been compared to
experimental data, and the comparisons were
favorable, the thermal partitons that the code
predicts have not been confirmed definitely.

elds are discussed in paragraph 3-19; data for
surface bursts are described in paragraph 3-9,
snd data for special types of weapons are de-

scribed in paragraph 3-17.
ed Material: See paragraph 3-1. See
also phs 3-9 and 3-19,

qu;, 34 deleted.
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32 Renge Effects .

As the thermal energy propagates away
from the fireball, the divergence that results
from the increasing area through which it passes
causes the radiant exposure to decreass as the
inverse square of the slant range. At a slant range
R centimeters from the source, the thermal
energy is distributed over a spherical arez of
4nR?, Since the thermal yield in calories is 10! 2
Wr*, where W is the yield in kilotons, the radi-
ant exposure at a distance R cm in a clear atmo-
sphere is

_ 102wr
4xR2

o cal/cm?.

- Kilofeet and kilometers are more con-
venient units than centimeters for measuring the
range from a nuclear burst. Appropriate conver-
sion factors change the form of the equation to

_ 100 Wf _
4zR|2m

7.96 Wf/R, caliem?,

and
Q = 85.7 WfIRZ, alem?,

where R, = and R, arc slant ranges in kilo-
meters and kilofest, respectively.

R wansmirranc: G

'Thc equations presented above ignored
the attenuation by the stmosphere that would
affect the thermal energy received by a target_ In
many cases, particularly when the air is clear and
the range is short, atmospheric attenuation is
not important. In other situations, scattering
and absorption of thermal energy by the atmo-
sphere can reduce the amount of thermal energy
reaching the target significantly.

' In addition to atmospheric attenuation,
other effects also must be considered. A cloud

" layer above a fireball can scatter radiation down-

ward and can increase the thermal energy that
reaches the ground. If the ground also is highly
reflecting, eg., if the ground is covered by a
layer of snow, further enhancement of the ther-
mal radiation may result.

All of these effects are approximated by
one factor, the transmittance 7. Transmittance
is the ratio of the radiant exposure at a target
facing the fireball to the radiant exposure that
the target would receive if the intervening atmo-
sph ere perfectly transparent.

Adding the transmittance factor to the
equations given in paragraph 3-2 gives

Q= 7.96 WfTr calfcm?,
R2
km

and

Q=BT WT oo
Rin

The corresponding expressions for slant range in
terms of yieid and transmittance aret

R, = 2.82 \WrT/Q.

R, = 9.26 NWST/Q
33 Specificstion of Transmittance ‘

A difficult task in applying transmit-
tance data to s thermal problem is deciding
which model atmosphere to use. Various model

8 O kiloton equals 10" 2 calorias (ssc Tabie 1-2).

TP A relationship that is eaty to ssmsmber and that is reasco-
ably cogrect if it 13 amumed that the tharmal pertition, f = 1/3,
and the treammittance, 7= 1.0, & the radiant axposare at
onc statute mile is sbout @ = 1 ead/cen® paz kt.
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atmospheres are identified in terms of param-
eters that can be measured without special in-
strurnents. The first of these is visual range, a
parameter that indicates the light transmission
properties of the layer of air near the surface. A
second is the appearance of the sky, which can
be used to indicate the amount of haze or fog
that thermal radiation from a high altitude burst
must trate to reach a target at the surface.

Although transmittance can be calcu-
lat tween any two points in space, a large
number of thermal problems involve ground tar-

’

gets. The material presented in this paragraph

has been developed primarily to calculate trans-
mittance between the point of burst and a target
on the ground. These methods may be extended
to calculate transmittance to airbome targets,
.. __but the validity ‘of such calculations has not
been checked as carefully as has the validity of
transmittance calculations for ground targets.
Whether or not a particular transmit-
tance calculation is useful depends on the nature
of the problem. If the burst is a specific test, the
weather at the particular time can be deter-
mined, and appropriate transmittances can be
assigned. If the burst involves a hypothetical
attack at some unknown date, a reliable predic-
tion of the transmittance, and, as g result, the
extent of the thermal damage from a particiilar
svnlncinn_ i impossible. The atmosphere could
‘be clear or foggy; light combustibles such as
leaves or paper could be wet or dry. Yield and
position of the weapon are unknown and can
only be estimated. .
Two types of problems provide answers
sufficiently reliable to be useful. A cal-
culation intended to be conservative from the
" point of view of the defense indicates the level
of damage that an explosion could inflict on a
day when the air is clear and the ground is dry.
This type of calculation is useful for designating
safe areas or designing defense systems. Useful
ancwers also can be obtained in tactical situa-
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tions. The mmimum intercept altitude of a de-
fensive missile might be lowered on a foggy day,
and .an attacking force might use current
weather conditions to determine whether their
weapon would produce significant thermat dam-

age or whether they must rely primarily on
other effects.

34 Model Atmespheres fJJF

The typical cloudiess atmosphere has a
haze layer near the surface. Often this haze layer
is relatively uniform, with a sharply defined
upper boundary; when cumulus clouds are pres-
ent, the bases of these douds may mark the top

of the haze layer.

“ At higher altitudes, the air usually is
dearet, and, in the absence of douds, about 80
percent of the attenuation of radiation from a
high altitude source oceurs at altitudes below 3
miles. The low density air several miles above
the surface offers almost no mterference to radi-
ation in the visible and infrared regions of the
spectrum.

A szt of doudless model atmospheres
provi an approximate representation of the
optical properties of real atmospheres. These
models only represent the atmosphere in a gen-

" eral way, but they form a basis for transmittance

calculations. They have the advantage that selec-
tion of the appropriate model is based on the
simple criterion of daytime visual range. The
model atmospheres are cloudless; correction fac-
tors introduced into the transmittance calcula-
tions account for the effects of clouds. These
model atmospheres and the empirical equations
that are used with them give reasonably accurate
estimates of transmittance if the transmittance is
above about 0.1.

Current reports consistently use visibil-
ity, which is cailed “visual range™ in this chap-
ter, as one means for clasifying model atmo-
spheres; however, no standard definition of
visibility & adopted consistently. The atmo-
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sphere described in this chapter as having 2

visual range of 16 miles would be assigned a

visibility of 12 miles by at least one author and a
isjhility of 24 miles by some others.

The extent to which the atmosphere
impedes the flow of thermal energy and limits
visibility depends largely on the amount of scat-
tering of radiant energy by atmospheric parti-
cles. Absorption of energy also affects radiative
ransport, but absorption usually is less impor-,
tant than scattering. A description of these
phenomena is the first step in explaining visual
range and transmittance.

The thermal radiation of concem in this

T consists of electromagnetic radiations
from the ultraviolet to the infrared. The photons

that make up electromagnetic radiations can g

react with matter in many complex ways, but
the photons that constitute the thermal radia-
tion spectrum of a nuclegr fireball interact al-
most exclusively by being absorbed or elastically
scattered. If the photon is absorbed, it gives up
its energy to the absorbing particle, and this
energy ultimately appears as heat. Scattering
may be thought of as reflection from a small
particle. Its effect is to change the direction in
which the photon is traveling. The term *‘elas-
tic” means that the photon does not lose energy
during the scattering process. Other interactions
of electromagnetic radiations with matter that
are more probable for higher frequency (shorter
wavelength) radiations than those of the thermal
radiation are described in paragraph 4-3, Chapter
4. .

The scattering and absorption p'ropertis

©of atmosphere depend partly on the wave-

length of the radiant energy. Wavelength is often
measured in microns (1 micron = 105 meter),
for which the symbol 8 g Wavelengths in the

visible spectrum may be identified by the rela- &

tion between wavelength and color: ight witha
wavelength of 0.7 u is red; 0.58 u light is yellow;
and 0.48 u Light is blue. White Light is a mixture

containing all wavelengths in the visible spec-
trum, which .extends from 0.38 to 0.78 u. The

- infrared specttum consists of radiant energy at

wavelengths longer than 0.78 g, and the uitra-
violet spectrum consists of radiant energy- at
wavelengths shorter than 0.38 .

The energy transport praperties of atmo-
sphenc particles may be expressed in terms of
scattering and absorption cross sections, which
are fictitious areas that are a measure of the
probability that scattering or absorption will
occur. Particles that are small compared to the
wavelength of light have scattering cross sections
that are inversely proportional to the fourth
power of the wavelength. Therefore, air mole-
cules scatter light from the extreme blue end of
the visible spectrum (wavelength = Q.38 u) about
16 times as effectively as they scatter light from
the red end of the spectrum (wavelength = 0.78
#). Blue smoke, which consists of very small
particies, has similar scattering properties. Parti-
cles that are large compared to the wavelength
of light (e.g., haze or fog particles) have scatter-
ing cross sections that are much less dependent
on wavelength. Individual particles have a scat-
tering cross section that varies somewhat with
wavelength, but the mixture of particle sizes
found in a haze or fog usually results in an aver-
age cross section that is nearly independent of
wavelength. :

The sky is blue beczuse most of the scat-
t at high altitudes is by air molecules, which
scatter blue light more efficiently than they scat-
ter other colors of the visible spectrum. A dis-
tant mountain appears blue on a clear day for
the same reason.

The scattering properties of larger air-
bome particles may be observed on days when a
very Eght haze reduces visibility to about 10
miles or less. Near the surface, scattering by haze
particles contributes more to the light in the air
than does scattering by air molecules. The sky
still appears blue, but the color is not as deep as

3-7
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it would be on s clearer day. Distant hills and
the sky near the horizon appear to be more gray
than biue, which indicates that the lower atmo-
sphere is scattering all wavelengths of light about

. W .
y\ifater droplets cause nearly all of the
ering that occurs in a fog or a thick cloud.
Consequently, clouds are white and fogs tend to

wash out all impressions of color.
Absorption ususlly has little effect on

visible light, but it can affect the infrared and -

ultraviolet portions of the spectrum signifi-
cantly. The principal absorber of thermal energy
usually is water vapor, which has strong absorp-
tion bands in the infrared spectrum. Dry air
transmits infrared energy more efficiently than
humid air. Carbon dioxide and other gases pres-
__ent in the atmosphere in small amounts also
"“absorb infrared energy.

Ultraviolet energy is absorbed most
stro at the shorter wavelengths: the limiting
wavelength that air in the lower atmosphere will
transmit is about 0.2 micron. Ozone, appreciable
quzntities of which are found between roughly
60,000 and 80,000 feet, absorbs ultraviolet
radiation with wavelengths shorter than 0.29
micron. As a result of these absorption bands
ulifraviolet energy that reaches the earth from
the sun is almost entirely Limited to the spectral
band between 0.38 micron (the violet edge of
the visible spectrum) and 0.29 micron.

Dark colored particles ghsorb appred-
able energy in all regions of the thermal spec-
trum. Dust, smoke, and the smoky haze from
large cities fall into this category.

Detailed calculations of the complex
ing and absorption processes thst can
occur between a nuclear explosion and a target
require computer-codes that are capable of con-
sidering detailed changes in the atmosphere and
the cffect that these changes can have on the
entire spectrum of frequendies emitted by the
fireball. Monte Carlo calculations have been per-
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formed for several model atmospheres and for
several discrete wavelengths; however, as of this
time, these calculations have not been general-
ized into a form that is suitable for inclusion in
this manual, Therefore, the formulas and curves
for atmospheric transmittance that are given be-
low are bastll on a simplified model based on
the concept of effective optical height for single
gths.

One way to specify the attenuating
properties of the atmosphere as a function of
altitude is to assume that the transmittance be-
tween the point of burst and ground zero fol-
lows an equation of the form

T = e‘m) R

where T is transmittance and r(%) is the effecrive
oplical height of the burst height & This con-
cept was applied in 1966 to specify one parti-
cular model atmosphere for which the visual
range 15 16 miles.* The attenuation for light of
0.65 micron wevelength was used to specify
r(h). This choice was a purely empirical one,
used because it brought the calculated values of
transmittance into general agreement with ex-
perimentajly determined values. The wavelength
that was selected is attenuated less than is
the thermal radiation spectrum as a whole;

@ Tranumimivity of the Atmosphera for Thesmal Radiatien
from Nuclear Wespoms™ (see bibliography). A 12 mile visual
mmge was amignel to this model stmasphers. This choice was
busod on 2 compuxizon betwean & large mumber of visusl range
ostimatrs st an sirport weather stztion wnd simmltsnecas mee-
srements with instroments dosigned to awesure metearclicgical
mage. The 16 mile figare is gwd bere becanst it is consistent
mmmdmn“humm
tively, this range it defined s the distance xt which & dark object
Mwmnimnﬂmmm
specifically defined in paragraph 3-7. .
ﬂ:qnd&:ﬂmfwﬂsmﬁlmmh-
boen chxnged, the ssason for having assigned the 12 mile Sgare
cuxzics 3 uwnicl waining. Thers is 'so asurance that even trsined
mrioaologists will amke eetimstes thet sre consistent with s
precise mathematicel definition of viessl fange.
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therefore, this choice makes allowance for addi-
tional energy that reaches the target by scatter-
ing. For bursts below one-quarter mile and sur-
face targets, a wavelength of 0.55 microns was
#used together with a buildup factor, as described
below,

Figure 3-2 shows (k) as a function of
alutude for this particular model atmosphere.
> This model shows no attempt to represent an
abrupt increase in transparency at the top of the
- haze layer; optical height is a smoothly varying
M function of altitude. This approximation to the
H . actual atmosphere does not appear to introduce
i serious error into the calculations, and it is more

LY

convenient than 5 model atmosphere that re-

quires x: estimate of the height of the haze layer

as wellas an estimate of visual range.
- — When visual range is different from 16
g miles, the model atmosphere is specified by
multiplying the values of effective optical height
in Figure 3-2 by 16/V, where ¥ is visual range in
o miles. For examgpie, if the visibility is 8 miles, all
Q:! values of optical height are doubled, indicating
that transparency at all altitudes is reduced by a
factor of 2. This transformation may be stated

mathematically as

Th)y =f(h)16v%

where 7(k), is the effective optical height at a

given altitude ror the model atmosphere for
which visual range is ¥ and 1(k), ¢ is the effec-
tive optical height of the 16 mile model atmo-
sphere at the same altitude. S
! Visual rangs, 3 surface measurement, is a
r ctiterion for predicting the clarity ‘of the
air a few miles up. Although there is some corre-
lation between these two quantities, the main
justification for this somewhat arbitrary pro-
cedure is that the optical thickness assigned to
the upper atmosphere, since it is a small fraction
of the total optical thickness, has little influence

-

on the calculated transmittance to targets on the

d. '
B‘§ If the burst height is less than about one-
q

er mile, the line-of-sight path from the
burst to the target passes through zir which, in

" most cases, has optical properties that are fairly

uniform. In a uniform atmosphere, the attenua-
tion of a direct beam of thermal energy may be
related to the visibility of distant objects by
the equation.

T =29 RNV

*d

where T, is the transmission coefficient for di-
rect flux over a path of slant range R, and V' is
visual range. As mentioned above, scattered as
well as direct flux must be considered. Conse-
quently, transmittance is larger than the trans-
mission coefficient for direct flux and is given
approximately by the following empirical equa-
tion:

T=e2 RV (1 + 19 R/V).

. The exponential factor in this equation
accounts for energy loss from the direct beam
by scattering. The expression in brackets is a
buildup factor that accounts for energy scatter-
ed toward the target This equation does not
specifically involve any property of the model
atmosphere other than visual range; however,
the properties of the model atmosphere are in-
volved implicitly, because the rate at which
transparency changes with attitnde helps deter-
mine the magnitude of the coefficient 1.9 in the
buildup factor. Figure 3-3 shows this relation in
graphical forna.

When the burst height k is greater than

) about one-quarter mile, transmittance may be

cziculated from -

: 16 R
TR Y



e m——— e o

AHMAH TYILLLD IALLOID43

Lo

t{ )

e

"0

89

000 "001

- {SIIN a1 = sbury
JeIA) eieydsolily 9pow JO IUOEH 8AN30)3 g sy

e} 3QNLILTY

¢
000 "0l

1l

S

L
<

AHDIZH TYOLLAD FAUDIIIAT

ol

310



-t ot

ety

~~~

'”E T T 1 T ] T | —
10
w | ]
Z
E T ~
Al _
-
| o \
|
- —
ol i B | ] 1 1 ]
o 02 04 0.4 08 1.0 1.2 1.4 1.6 1.8 2.0 22 24 26 26

RATIO OF SLANT RANGE TO VISUAL RANGE (R/V, dimansioniem)

an3-3.- Trarsmittancs Batween a Burst

Within 1/4 Mile of the Surface .
mdn'r-rgnonuuemnd-

311



where n(d) (from Figure 3-2) is the effective
optical height of the model atmosphere with 16
mile visual range, and r(h) 16/V & the effective
optical height in the model atmosphere for
which visual range ix ¥. The factor R/h converts
effective optical height to the effective optical
distance measured along the slant path of lensth
R, where A is the height of burst.

The two equations just given are for
cloudless (bt not necessarily clear) atmo-
spheres. The effects of cloud layers are consid-
ered later in this subsection.

Height-of-burst curves provide 3 conven-
jent means for applying these transmittance
equations to thermal ecffects calculations. Fig-
ures 3-4 through 3-14 are a seties of such curves.

The height-of-burst curves do not show

- —transmittance data for bm_sabove 100,000 feet

(with the exception of Figure 3-13a).” Trans-
mittance above this altitude depends only on

12

elevation angle. If the burst is above 130 kilo-
feet, the transmittance s independent of alti-
tude, and the contours become straight lines.
This is fllustrated for a 16 mile visual range in
Figure 3-13a, in which the height of burst is
extended to 250,000 feet. As mentioned above,
these curves are based on two empivical equa-
tions, one of which applies when the burst
height exceeds one-quarter mile {1.32 kilofeet)
and the other of which applies to lower bursts.
The discontinuities that occur where these two
families of curves meet has no particular sig-
nificance other than to suggest the degree of
uncertainty inherent in any transmittance data
The discontinuities have been allowed to remain;
joining the contour hines would produce shapes
thst may hs2= no physical basis (for example,
the curves should not be interpreted to imply
that for short ground ranges the optimum burst
height for thermal effects on the ground i
necessarily below 1/4 mile).

O



Figures 34 through 3-14 show atmo-
spheric transmittance as a function of height of
burst and ground distance for various visual
ranges. These curves, together with the: equa-
tions given in paragraph 3-2 allow the clcula-
tion of radiant exposure for a variety of circum-
siances.

For bursts above one-fourth mile height
of burst, interpolation between the figures (to

#pbtain data for visual ranges other than those for
which curves are provided) may be accomplished
as follows:

where T, is the label of a given <ontour line on a
figure for a visual range of ¥, and 7, is the label
that this same curve would have if the figure
were for a visual range of V,. If the height of
. burst is below one-fourth mile, the trans-
o mittance may be obtained from Figure 3-3 for
any combination otﬁ:rnnge and visual range.

vyv,

Example 1 ;
iven: A 5 kt nu warhead is being con-
sidered for a defensive missile warhead.

Find: The minimum burst altitude such
that the radiant exposure on the ground will not
exceed 1 cal/em?.

DA
TA'E)

P — ¢ g 8

A
2)
\ T
Given: A 100 kt explosion at an altitude of
10,000 feet at a location where the visual range
is 16 miles.
Find: The thermal radiant energy incident
on a target at a ground distance of 9,000 feet
from ground zero.
DWVA
&)




BB Reiobitry: The calculsted transmit-
tances exceeding 0.1 are believed to be comrect
to 230 percent; however, this tolerance is
seldom required in practical problems. When
transmittance exceeds 0.1, the product fT is
believed to be within the range obtained by
setting upper and lower limits on f as specified
in “Reliability” in Problem 3-1. The reliability
of transmittance calculations decreases as trans-

3-14

mittance decreases. Transmittances below 0.1
are very uncertain, and errors that amount to a
factor of 2 to 10 are not unusual. When correc-
tion factors for reflecting surfaces are requircd,
an -additional tolerance of +30 percent should be
applied to the f7 product.

W Rewied Marerial: See paragraphs 3-2
through 3-6.
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@ Ficure 315 shows transmittance data
for bursts above 100,000 feet. As mentioned
above, transmittance above this altitude depends
only on the elevation angle, For convenience,
Figure 3-15 shows the transmittance as a fune-
tion of the ratio of slant range to height of burst
as well as the elevation angle.

35 Effects of Clouds and Reflecting
Surfaces

The model atmospheres are cloudless,
and all have the same basic pattern of trans-
parency as a function of altitude. When the
actual atmosphere does not conform to these
limitations, the calculation procedure must be
modified.

is above the clouds, a transmission modifying
factor is used to account for the attenuation
produced by the cloud layer. Table 3-1 provides
a list of transmission correction factors in terms
of the appearance of the daytime sky. Transmit-
tance is calculated as though the air were clear
and no ¢loud layer were present, and the result
is multiplied by the correction factor obtained
from the table.*

Table 3-1 suggests two ways to calculate
the transmittance for a high-altitude burst ¢high
enough to be in clear air, above the haze and
wwuasy wien the haze (or fog) extends to the
ground. For example, if a medium haze exists, 2
4 mile visual range could be assumed, and from
Figure 3-9 the transmittance of a high altitude
overhead burst would be 0.51. Alternatively, the
transmittance of a typical clear day (visual range
= 16 miles), 0,85, could be used as a starting
point. This with the modifving factor for
medium haze, 0.5, gives a transmittance value of
about 0.43. The discrepancy is within the uncer-

i f the calculation.
Judgment must be used to determine
whether a2 transmittance calculation should be

based on visual range or on sky appearance. If

If a cloud layer is present and the burst '

the burst is direcily over the target and high

- enough to be abave cloudy or hazy air, sky con-

ditions provide the better basis for the calcula-
tion. If the burst is at a low height and the tacget
is at a long ground distance, visual range is
preferred. When the situation is less clear, look-
ing through the atmosphere may suggest which
criterion is the more representative of conditions
along the path from the burst Lo the target.
The transmission modifying factors ordi-
y should be used with the HOB curves for
16 mile visual range, otherwise the attenuation
of the atmosphere is counted twice.
Since a cloud layer appears thicker when
the sun is low in the sky, cloud cover estimates
rrade under this condition should be modified

..y taking the type listed just above the cloud

description that fits the observed conditions
best. Similarly, when the elevation angle of the
burst is below 30°, the effect of a given cloud
cover will be greater than if the burst were more
nearly above the target area. In this case it is
appropriate to take the transmission modifying
factor just below the one that would ordinarily
b= selected.

This procedure is based on the similarity
between the solar spectrum and the spectrum of
thermal radiation from a fireball. Although the
spectra are by no means identical, the ability of
the atmosphere to transmit solar radiation often
is the best available indication of its ability to
transmit thermal energy. The appearance of the
sky is, of course, an indication of its effect on
light from the sun.

‘llnﬁhtmﬁndmﬂndhionﬂzﬂmdnouﬂu
cicud st sn zngle with the vertical woukl be sttenuated more
than the same radiation would be if it patsed through the clond
vertically; however, the radiation does not follow a Line-of-tight
path dut follows madomly disectad paths characteristic of dif-
fosion. The sttenuation depands on the angie of the Ene-of-sight
path 1o some cxmmt, but the dependence 5 pot srong, and
mdation will peostzate a thick clond sbout cqually well regard-
less of the angle at which it enters.
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Table 3-1. - Modifying Factors for Transmission Under

Various Artmespheric Conditions

If Haze or Fog
Layer Extends
to the Surface

Probable

: Visual Range
= Type (miles)

If Haze or Cloud Layer is Ovethead

Type

Description

Transmission

Modifying Factor

Very clear 320

Clear 16.0

Light haze 8.0

Medium haze 4.0

Heavy haze 3.0

Thin fog 1.5

Light fog 0.8

Very clear

Light haze
Medium haze
Heavy haze
Light cloud

Medium cloud

Hezvy doud

Dense cloud

This condition rare except
at high-altitude locations.

Sky deep bluc. Shadows
distinct, dark

Sky white; dazzling near

sun.  Shadows visible, gray.
Sky bright grayish-white.
View sun without serious dis-

comfort Shadows visible
but faint

Sky dull gray-white. Sun's
disc just visible. Shadows
barely discernible.

Sky light gray with maximum
luminance around sun. Sun’:
disc not visible, no shadows.

Sky dull gray with maximum
luminance at zenith.

Sky dark gray; brightness
pattern gives no indicatisn
of sun's position

The low luminance level sug-

gests the approach of night-
fall. Gloomy.

1.1-1.0
- Lo-09
0.9-0.6

0.6-04

0.5-0.3

0.4-0.2

03-0.1

0.2-0.06

0.1-0.02




- If a cloud layer lies above the burst, it
will scatter thermal energy toward the ground.
The calculated value of transmittance should be
multiplied by the modifying factor 1.5 when a
cl ver is above the explosion.

If the burst is between cloud layers, the
upper layver will act as a reflector and the lower
layer as an attenuator. If the two layers are
equally thick, as much thermal energy will
emerge from the bottom of the lower cloud
layer as will emerge from the top of the upper
layer. In most situations of this type, the cloud
structure cannot be determined well enough to
make detailed transport calculations meaningful;
consequently, systematic calculation procedures
for this case have not been developed. However,
the procedures already described may be used to

__set approximate limits on the values of trans-

ce that may apply.

Similar problems arise when a broken
cloud cover lies between the burst and the
target. Whether the target will be in the shadow
of 2 cloud at the time of burst is, in most prac-
tical situations, impossible to determine, and the
results of transmittance calculation become
much more uncertain. If the individual clouds
are sufficiently thick that they do not reveal the
location of the sun by a local bright area, and if

they are spaced sufficiently close that they
shade each other (i.e., so that some of the cloud
areas appear dark gray), transmittance to targeis
shaded from direct radiation from the fireball
will be roughly 20 percent of the transmittance
ted for a cloudless atmosphere.
mﬂ When any cloud or haze layer hsted in
Table 3-1 is in contact with the surface, that
layer has a most probable value of visual range

- associated with it. Under these conditions, the

appearance of the sky may be used, in the
absence of more direct measurements, to esti-
mate visual range. Table 3-1 incdudes a rough
assignment of visual range values in terms of the
anpearance of the sky.

3-30 .

An additional modifying factor relates
to surface albedo, which is the reflection coef-
ficient of the surface of the earth. Most surfaces,
including water and desert areas, have low
albedos (usually 25 percent or less). Only sur-
faces such as snow and white sand are in the
high albedo class. These latter surfaces enhance
thermal radiation because they can reflect
energy directly toward the target and also be-
cause they reflect energy into the atmosphere,
where some of it is scattered back toward the
target. When such a surface is present, the calcu-
lated transmittance is multiplied by 1.5. If the
burst is between a cloud layer and 3 high albedo
surface, the enhancement factor is applied twice,
giving a factor of 2.25.

36 Transmittance
the Surface

Transmittance to targets above the sur-
face (e.g., aircraft in flight) may be calculated by
using an equation similar to that given in para-
graph 3-4 for the model atmosphere above one-
quarter mile,

Targets Above

=ATh) %’é _R_

T=e ahb

where Ar(h) is the absolute value of the dif-

ference between (k) at burst altitude and r(i)

at target altitude (values of r(h) can be obtained

from Figure 3-2), Ah is the absolute value of the

altitude difference between the burst and the

target, V is visual range at the surface, and R is
t range between burst and target.

If the burst and target altitudes arc
equal, the exponent in the equation becomes
indeterminate. An estimate may be obtained in
this case by increasing burst altitude a small
amount, decreasing target altitude the same
amount, and hclding slant range constant. Esti-
mates obtained from this equation must be
regarded as very rough approximations to actual
transmittance.
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Problem 3-3. Calculation of Transmittance

W 1obie 341 provides descriptions of vari-
ous atmospheric conditions from which visual
range may be estimated. The table also provides
transmission modifying factors to be applied to
the transmittance values for a 16 mile visual
r2nge when appropriate. Conditions under which
the appearance of the sky should be used rather
than the measured or estimated ground level
visual range to determine transmittance are
described in paragraph 3-5.

Exampie 1

Given: A nuclear explosion at an altitude
of 5,000 feet. The appearance of the sky sug-
gests a light haze atmosphere.

Find: The transmittance to a target on the
surface 50,000 feet from ground zero.

Solution: Since the line of sight from the
burst to the target is low and nearly horizontal,
visual range rather than sky appearance would
provide a better criterion for selecting 2 model
atmosphere. Nevertheless, this problem must be
solved on the basis of sky appearance, because a
direct visual range measurement is not available,
From Table 3-1, a light haze condition corre-
sponds to a visual range of 8 miles.

Answer: From Figure 3-11, the trans-
uutance is U.15. No definite tolerance can be
placed on this value of transmittance, and it
myst be regarded as estimate.

& Example 2 ‘uh

Given: A nuclear explosion at aw altitude
of 30,000 feet. The visual range is 6 miles, and
the sky appearance fits the medium cloud condi-
tion. The time is one hour before sunset, and the
ground is covered with snow.

Find: The transmittance to a target on the
surface 10,000 feet from ground zero.

Solutiorn: Since the burst is nearly over the
target and is sufficiently high that it probably is
above most of the haze and clouds, the sky con-

ditions provide the best indication of transmit-
tance. Therefore, the visual range will be ignored
in the solution. As a result of the low elevation
angle of the sun, the cloud layer appears to be
thicker than it actually is. Therefore, the trans-
mission modifying factor for light cloud condi-
tions should be used rather than medium cloud
conditions.

Answer: From Figure 3-13, transmittance
on a clear day (16 mile visual range) would be
0.86. From Table 3-1, the transmission modify-
ing factor for light cloud conditions is between
0.2 and 0.4. Reflection from the snow covered
surface requires an additional correction factor
of 1.5. The calculated transmittance therefore
lies between

(0.2X1.5X0.86) = 0.26,

and

(0.4X1.5X0.86) = 0.52.

etiabiticy [

In general, transmittance calculations
arc most reliable when transmittance is high and
when the atmosphere is relatively clear. A toler-
ance of 30 percent is assigned when transmit-
tance exceeds 0.1 and when visual range is 5
miles or greater. This toletance is based on com-
parisons between transmittance calculations
made by the methods of several different investi-
gators. When reflection from smow cover or an
overhesd cloud cover must be considered, the
uncertainty rises to 60 percent.

Comparisons of calculated values with
data from full scale muclear tests show uncer-
tainty that basically relates to the product f7,
since thermal partition and trunsmittance cannot
be measured independently. When transmittance -

31
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exceeds 0.1 and visual range exceeds 5 miles, the
tolerance on thermal partition f accounts for all
of the uncertainty in the ST product. No addi-
tional tolerance on T is required. When reflect-
ing surfaces are present or when visual range
drops below S miles, an additional £30 percent
tolerance should be applied.

No reliability estimate is assigned to
calculated transmittances below 0.1. At these
low values, transmittance estimates become in-
creasingly uncertain, and errors may rise to fac-
tors of 2-10.

Errors in the estimation of visual
range also can affect the error in the calculation
of transmittance. If a visual range of 3 miles is
estimated as 2 miles, which is not an unreason-
able error, the percent error in transmittance
rises rapidly as the transmittance drops to low

.. ~values.

- Additional emrors are produced by
approximations in the calculation procedure.
These errors tend to be small when transmit-
tance is high and large when transmittance is
low. Three approximations are made ini transmit-
tance calculations.

First, a single parameter, visual range,
serves as the basis for transmittance calculations
in cloudless atmospheres. Although visual range
at the surface is only one of the parameters
required to specify the transmitting properties
nf the reminn hetween the burst and the target, it
is one of the very few parameters that can be

observed directly from the ground. Other param-
eters necessary to define the atmosphere com-
pletely are supplied by a set of model atmo-
spheres that include the measured visual range at
the surface and an increasing transparency with
increasing altitude. This change in transparency
with altitude is chosen to match the changes
that occur in real atmospheres under typical
conditions; however, there is no assurance that
the model atmosphere is a particularly good
match to any single real atmosphere.

Second, the transport of thermal
energy through these model atmospheres is cal-
culated from empirical equations confirmed by
experimental data. The results of more accurate
computational procedures are expected at some
fu te. ' )

Third, the model atmospheres are
coudless. Cloud effects are accounted for by
correction factors that modify the transmittance
calculated for a cloudless atmosphere. An
empiricai treatment of some kind is unavoidable;
cloud effects are too complex to be treated

Wﬁmy of these sources of emor can,

under certain conditions, cause the calculated
transmittance to be wrong by a factor of 10 or
mare, but these extremely high errors appear
when the atmosphere attenuates thermal energy
from the fireball strongly and therefore when
thermal cffects are unlikely to be as important
as other effects such as blast.
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Ordinarily, the purpose of visibility mea-
surements is to determine the ability of an
observer to see through the atmosphere; such a
measurement may determine the approximate
distance at which a pilot can recognize a run-
way. In the study of thermal effects, visibility
measurements are useful because they indicate
the transparency of the atmosphete and its
ability to transmit thermal radiation. The model
atmosphere that should be used in a particular
transmittance calculation is selected on the basis
of daytime visual range.

-'n:e term wvisual range as used in this
chapter is synonymous with daytime visibility as
commonly measured at weather stations. Al
though “visibility™ is a more widely used term
than *“‘visual range,” the latter is used in this
chapter because it indicates that the quantity
being discussed is a distance and not a measure
of the clarity with which a particular object can
be seen. Visnal range is defined as the distance
at which a dark object sifhouetted against the
sky is visible and recognizable. It is commonly
measurcd in statute miles

- Two factors make it advisable for the

person who must develop the ability to make
—weanon effects calculations in tactical situations
to understand the procedures for measuring
visual range. First, he will not always have access
to weather station information. Secoad, be may
wish to question the information he obtains
from weather stations. For the usual purposes of
visual range messurements, underestimates of
this range sre less serious errors than are over-
estimates. For troop mfety clculations, the
opposite is true. Some meteoralogists, not in the
habit of thinking in terms of weapons effects,
may shade their estimates incorrectly.

‘ At the visual range, all objects appear 5o

nearly alike in both brightness and color that a

-dark object silhouetted against the sky is barely

recognizable. This reduction in contrast may be
described quantitatively in terms of the bright-
ness B of an object and the brightness of B' of
the background. Contrast is defined as the ratio

B -5

C= 7

If the object is darker than its background, the

contrast is negative, reaching -1 for a perfectly

black object. On the other hand, lights have very
itive values of contrast at night.

A hypothetical example illustrates the
problems of estimating visual range and the
accuracy that may be expected from such esti-
mates, Table 3-2 shows a series of values calcu-
lated for the condition that the fifth pole of a
row of telephone poles closely spaced in a uni-
form fog is at the visual range g5 it would be

T|b|03-2.‘ Contrast Ratio for a Series of
Black Telephone Poles in a Fog:
V‘mlﬂm-sml:nt--

Pole Distance Conrrast
Number (feer) Rato
1 100 .56
2 200 03!
3 300 0.18
4 400 0.098
5 500 0055
6 600 0.031
700 0.017
800 0.010
3-33




mRasered by a transmissometer.® If the poles
have a dark color, the inherent contrast of each
pole with its background may be assumed to be
nearly 100 percent. The contrast, as seen by the
observer is given in the last column, and is, by
definjtion, 0.055 at the visual range.!

What an observer sees may be affected
by factors such as the uniformity of the fog
layer. The first three or four poles are distinct,
the fog has changed the apparent color of even
ithe first pole to gray. The fourth pole is suf-
ficiently distinct that if the cross arms are of
lighter wood than the pole itself the difference
in color is discernible. The fifth pole, at the
visual range, is little more than a shadow, but it
would be visible instantly and would be recog-

' Many observers would estimate visual
range as the distance to the fourth or sixth pole;
a few might select the seventh; still fewer, the
thir':l. As Table 3-2 shows, the errcr in range that
this uncertainty produces is not ¢xcessi
The factors that would lead some ob-
servers to select the fourth pole may include
more than overly conscientious application of
the °‘‘visible and recognizable™ rule. The fifth
pole is only about 1/4 as wide as the ideal dis-
tance marker (which should subtend an angle of

'.A trangminomeier b an instrument designed toc messure
light transmission characteghtics of the stmosphere. It consists
of 2 light and a detsctor separated by a baseline of either $00 o
750 feet. The tranumitsometer reading is called tranamissivity . It
is the natio of the Eght reccived at the detector to the light that

sahized as a telephone pole even if it were standing
- a.lone

m&mﬂhﬁmmmnm
An observer looking at the sixth pole

standing alone probably would see it if he knew
where to look, but he might question its identi-
ty. Although the line separating the image of the
pole from its background i sharp, the faintness
of the contrast makes the outline appear slightly

bl
W'rhe seventh pole is at approximately the
distance known as the meteorological range,
which is the range that gives a contrast of 0.02
between a black object and the sky. If the pole
were standing alone and the observer did not
auww wasic to look for it, he very likely would
miss it. Meteorological range has often been used
as a measure of visual range; it corresponds more
closely to the threshold of detection than to the
implications of the presently psed standard of
“visible and recognizable ™
The eighth pole probably is not visible

: because of its size. A car parked beside it might
. be visible, but only if the obscyver, locking

down the row of poles, knows exactly where to
look for it. Detection at this comtrast level re-
quites a2 background wmiformity that is rare
except under laboratory conditions

334
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at least 1/2°), and for this reason it may not
to be as distinct as a Jarger object would.

Additional factors that could cause an
o to underestimate visual range can occur
when the seeing conditions are different from
those assumed in this ¢xsmple. For example, the
fog was assumed to be perfectly uniform
Actually, the atmosphere near the surface over
laad is rarely uniform, and patches of haze that
can be misjudged for distant objects are com-
mon. Shimmer, an optical effect similar to the
heat waves observed over a metal object on a
smpy summer day, can distort images of distant
objects and can reduce the apparent visual range

ough the air is clear.

- An observer who uses a distant hill for a
or = masrker may be inclined to overestimate
visual range. This is particulasly true if he
knows, perhaps from the pattermn formed by
closer hills, exactly where to look. Aided by
such landwmarks, he may detect so many details
of the familiar outline that, to him, the hill is
definitely ‘‘visible and recognizable.” The
observer, if he is unsure of the mark, should ask
himself whether he sees the hll dearly enough
that comspicuous surface features (e.g., patches
of trees separated by large areas of light-colored,
vegetation-free rock) would be faintly discern-
ible, even though such features may not actually
pe present. He should aiso ask whether an ob-
server unfamiliar with the terrain would be rea-
sonably sure that he was Jooking at a hill instead
of cloud structure near the horizon. If the
gnswers to these questions gre “yes,” he should
i the hill within the visual range_

Distance markers that are appreciably
egnier or harder to see than the standerd dark-
colored marker should be avoided if possible,
since they lead to imaccurate measurements of
visual range. A spow-covered mountain is hkely
to be an unreliable marker for two reasonss If
the peak is at a high altitode, the observer sees it
through air that is usually clearer than the air

. - B I Ty

along a line of sight closer to the surface, Also,
under strong illumination the snow is visible
from a greater distance than darker portions of
the mountain would be. Either effect can cause
an artificially high measured value of visual
range, implying a clearer atmosphere than
actually cxists. On the other hand, the tree-
covered base of a mountain is an excellent
marker for long visual ranges.
Surfaces with high reflection coefficients
not always more easily seen than dark ob-
jects, An observer locking in the general direc-
don of the sun may see a white object as darker
than the horizon sky, becasuse the side of the
object facing the observer is not illuminated
strongly. If the angle of the sum is just right,
there may be virtvally no brightness contrast
between a white object and its sky background.
On the other hand, the icherent contrast
between a very dark object and the sky never
varies greatly from 100 percent; therefore, the
use of dark objects as distance markers results in
reasonably consistent visual rTange measure-
men
The observer should be aware of phe-
nomena related to lighting effects. If he is look-
ing at & distance martker that is in the general
direction of the sun, the strong forward scatter-
ing property of haze particles will make the air
Bght between him and the marker will appear to
be particularly bright. This does not sffect the
distance at which a dark marker can be seen.
The sky behind the msarker is similarly bright,
and the spparent contrast between the marker
and its background is no different than if, for
the sun were overhead.
The preceding discussion provides the
with information that will help him to
make accurste estimates of visual range. Much of
this information can be condensed to a set of
Tules.
© Range markers should be as dark as pos-
sible. i the reflection coefficient of the

-3



marker is more than 30 percent and the sun
is behind the plane of the observer, the
marker should be avoided.*®

® The range marker should be sithouetted

against the sky, or its background should
be at least half again as far from the ob-

server as is the marker itself. When such a_

marker is at the visual range, the back-
ground will be so nearly obscured that it is
indistinguishable from the sky.

#® The distance marker should be sufficently
large that increasing its size would not in-
crease the range at which it can be recog-

nized. This requirement is met if the -

angular size of the marker (vertically and
horizontally) is 1/2°, which is the diameter
of the full moon. A distance of 5/16 inch
on a ruier hel -at arm’s length is an approx-
imate measure of this angle. If shimmer is
not a serious problem (if the image is
steady), binoculars may make a stnaller dis-
tance marker usable.

@ Distance markers should be available in
several directions so that nonuniformities
in the atmosphere can be detected.

® When a requirement for visual range mea-
surements in a given area can be antici-
pated, a map showing usable distance
markers should be prepared. It should indi-
rate the ranee, direction, and identification
of each marker. (Heights of hills or tall
buildings should also be recorded, because
such objects sometimes provide useful mdt-
cations of cloud height.) -

® The altitude of distance markers should be
such as to place the line of sight as close as
possible to the sverage ground level.
Uszally it is necessry to usc some
matkers that fall short of these standards. The
markers may be too small or the wrong color,
and often no marker will exist at the visyal
range. In this case the observer must use judg-
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ment to decide the visual range that ideal
markers would indicate. One important clue is
the apparent color of markesrs that are within
the visual range. Clear, undistorted colors indi-
cate that the amount of air Light from the inter-
vening air is small, and that objects at consider-
ably greater ranges would be cleariy visible.

38 Nighttime Vius Range

The distance at which a person can see a
Light depends partly on the transparency of the
atmosphere. However, it also depends on the
state of dark adaptation of the observer, the
brightness of the light, and the amount of back-
ground produced by whatever other lights may
be illuminating the air. Only the first of these
four factors concerns the ability of the atmo-
sphere to transmit thermal energy. In general,
the variations caused by the last three factors
make measurements of nighttime visual range a
poorer indication of the transport properties of
the atmosphere than measurements of daytime

Tange.

In the absence of definite changes in the
weather, the transparency of the gir usually does
not change much from day to night. Daytime
visual range, which usually can be measured
more readily than mnighitime visual range, is
often the most satisfactory means for estimating
the transport properties of the atmosphere the
1« ing night,

Exceptions occur in regions where the
relative humidity excesds 90 percent in polar
regions, and in areas subject to air pollution. In
the latter case, the source of pollution (eg.,
domestic heating or cooking and industrial
exhagusts) are likely to vary from day to night.
Polluted atrnospheres also often produce a haze

Mo refiocton coathicient ts sbowt ¢ peroont fox 3 pine
woods and sbout twice that sgiognt for a dociduous woods. A
gramsy field, for which the mfiaction cotfficlant may cxoed 20
poroeat, is s mmch e relishis merk,
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layer near dawn, particularly when a steep tem-
perature inversion forms near the surface, Such a
haze lIayer may be dense encugh to offer some
protection from therma! radiation.

H nighttime visual ranges must be mea-
sured, these ranges should be converted to the
equivalent daytime visual ranges. This is geces-
sary because daytime visual range is the param-
eter on which transmittance calculations are
based. Figure 3-16 may be used to convert night-
time ranges to equivalent daytime ranges.

Figure 3-16 is based on a large number
of 0 tions to determine the distance that a
25 candlepower light (25 candlepower is approx-
imately the output of a 25 watt incandescent
lamp) can be seen through various atmospheres.
The data were originally taken to correlate trans-
missometer data with -:sual range measure-
ments; therefore the seeing conditions would be
similar to those existing at airport weather
stations.

In practice, the 25 candlepower source
can be replaced by any light of moderate inten-
sity. In a transparent atmosphere, a 100 watt
lamp could be seen about twice as far as a 25
watt lamp, but in an attenuating atmosphere the
difference is less. When nighttime visual range is

$0,000 fect, the 100 watt lamp could be seen
from about 65,000 feet. When nighttime visual
range is 5,000 feet, the 100 watt lamp can be
seen from about 6,000 feet.

W APPROXIMATE CALCULATIONS OF

RADIANT ExpOSURE Y}

W e procedures described in the preced-
ing subsections permit the calculation of radiant
exposure by methods that are as accurate as
present knowledge of thermal partition and
transmittance allows the information to be
presented in o manner suitable for this menual, In
many cases, a quicker but less accurate estima-
tion of radiant exposure is desirable. Such an
estimate may indicate whether more time con-
suming calculations are necessary. Figures 3-17a
and b are intended for use in such cases.

These figures are based on transmittance
values for a moderately clear, cloudless atmo-
sphere (visual range = 16 miles) and on thermal
partition values for an intermediats value of
yield, 200 kt. Trangmittances were calculated
using the high altitude equation only, and some
loss in accuracy is expected for burst heights
below 1/4 mile.
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Problem 34. Approximate Calculation of Radiant Exposure

- Figures 3-17a and b show approximate
radiant exposure to targets on the surface from a
1 kt explosion as a function of distance from
ground zero and height of burst. These curves
are based on calculations for a 200 kt explosion
under the assumption that the radiant exposure
could be scaled to 1 kt directly with yield. Visu-
al was assumed to be 16 miles.

Scaling. For yields other than 1 kt, the
radiant exposure is

Q=W
where Q1 is the radiant exposure for 1 kt ob-

_ tained from Figure 3-17a or b for the height of

burst and ground distance of interest, and @ is
the comresponding ex for W kt.
Example
iven: A 500

30,000 feet.

Find: The radiant exposure on the surface
150,000 feet from ground zero.

Solution: From Figure 3-17b, a | kt explo-
sion at an altitude of 30,000 feet will produce a

explosion at an altitude of

radiant exposure 150,000 feet from ground zero
Q, = 0.0007 cal/em?.

Answer: The radiant exposure from a 500
kt explosion is

Q = 0, W = (0.0007)(500) = 0.35 cal/cm?.

- Religbiliry: Radiant exposures from Fig-
ures 3-17a and b are approximations. For the
assumed atmospheric conditions and burst altj-
tudes below 100 kilofeet, values of radiant expo-
sure obtained from Figures 3-17a and b are esti-
mated to be reliable within £40 percent. Addi-
tional loss of accuracy is expected for bursts
below one-quarter mile altitude since the trans-
mittances were calculated with the high altitude
equations. The reliability also drops for bursts
above 100,000 feet as a result of the uncertainty
in values assumed for thermal partition.

Related Materigl: See paragraphs 3-1
through 3-8.
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W surFAce AND suBsURFACE

BuRsTs Y}

- Cleuds of dust (or spray) partly obscure
tae fireball of surface bursts and reduce the ther-
mal radiation received by targets on the ground.
Even less thermal radiation escapes from under-
ground and underwater bursts. If the burst is
deep enough, the earth or water absorbs almost
all of the thermal energy; the amount of radi-
ated thermal energy is insignificant.

39 Surface Bursts ]

- The terms contact surface burst, surface
burst, and air burst, when used in connection
with thermal effects, have meanings similar to
those assigned to the same terms in Chapter 2
(see paragraph 2-19). A contact surface burst is

.- —one that is no more than 5 W03 feet above or

below the surface, The region between 5 W0-3
and 180 W04 feet (320 percent for yields
between 10 and 100 kt, and £30 percent for
other yields} is called the transition zone, and a
burst within this region is a surface burst for
purposes of thermal radiation phenomena. Since
the fireball is approximately 180 W°-4 feet in
radius for explosions in the lower atmosphere, 2
surface burst is any burst above 5 Wo-3 feet but
low enough that the fireball will interact
strongly with the surface of the earth. As men-
#i~rnad in naragraph 3-1, an air burst occurs
above 180 W04 fect.

Experimental data indicate that the ther-
mal partition of contact surface bursts is about
0.21. Figure 3-18 assumes a thermal pertition of
0.21 for a contact surface burst, assigns the air
burst partition (Figure 3-1) to a burst at 180
W04 feet, and provides intermediate values by

" linear interpolation. This procedure is arbitrary

and is only supported in a general way by
experimental dat::. Points above the dashed line
in Figure 3-18 represent air bursts; points below
the dashed line are surface bursts. The radiant

3-42

exposure from surfsce bursts may be calculated
by the formulas given in paragraph 3-2 with the
values of thermal partition, f, taken from Figure
3-18.

Figure 3-18 describes the fireball as it
would be seen by targets on the surface. Clouds
of dust would not obscure the fireball from
above; consequently, radiant exposure of air-
bomne targets should be calculated on the basis
of the thermal partition of free air bursts given
in Fi 3-1.

Since confinement of the fireball by the
surface is roughly equivalent to reflection, the
firehall radius for a contact surface burst is
larger than that for the same burst in free air.
Blast wave theory suggests that the fireball of a
contact surface burst as viewed from above
might resemble that of a free air burs’ vith a
vield of 2.0 W. In fact, determination ox fireball
yield by hydrodynamic scaling uses the 2.0 W
assumption.

310 Subsurface Burss

Two effects reduce the amount of ther-
mal energy radiated by the nuclear explosions
below the surface of the earth: a large amount
of thermal energy is absorbed in fusing and
vaporizing the earth; and the fireball that does
develop above the surface is obscured to a great
extent by earth that is thrown from the crater.
Even relatively shallow underground bursts
throw dirt up as a cone shaped cloud that
screens surface targets from thermal radiation
effectively.

Since surface reactions are complex and
different types of surfaces react in different
ways, the effects of underground bursts are
extremely variable. As a result of these com-
plexities as well as the fact that thermal effects
from underground bursts usually are unimpor-
tant compared to other effects, methods for pre-
dicting thermal partition have not been develop-
ed for underground bursts.
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Underwater bursts are similar to under-
ground bursts in that thermal radiation is greatly
reduced by the heat absorbed by the water and
by the screening effect of water thrown from

the crater. Thermal effects usually are insig-
nificant. For example, a 20 kt burst in 90 feet of
water produced negligible thermal radiation.
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Problem 3-5. Calculation of Thermal Partition
for a Surface Burst

Figure 3-18 contains a family of curves
that provide an effective thermal partition for
surface targets from nuclear explosions that _
occur at heights of burst greater than § W°-3
fezt and less than 180 W04 fect. A thermal par-
tition or .21 should be used for surface targets
for bursts 5 W°-* fest above or below the sur-
face. Thermal partition for targets directly above
the burst should be obtained from Figure 3-] or
from the upper portion (above the dashed line)
of Fi 3-18.

Example -

iven: A 500 kt explosion at a height of

burst of 300 fest.

Find: The effective thermal partition.

Solurion: From Figure 3-18, the effective
thermal partition is 0.24.

Answer: The effective thermal partition for
a surface target is 0.24. The effective thermal
partition for a target directly above the burst is
0.45 (from Figure 3-1, or from the intersection
of the dasheo line in Figure 3-18 with 3 vield of

500 kt). The thermal partition for targets at
intermediate altitudes would fall between these
values. As a result of the uncertainties (see Reli-
ability), the thermal partition for surface targets
could fall between 0.44 and 0.1, and the thermal
partition: for targets directly over the burst could
fall between 0.65 and 0.25.

- Relighility: Interaction of the fireball
with the surface produces complex effects, and
thermal radiation from surface bursts cannot be
predicted as reliably as thermal radiation from
air bursts. Values of effective thermal partition
obtained from Figure 3-18 are estimated to be
reliable within $0.20 if the value is greater than
0.33. If the value that is read is less than 0.33,
the lower limit of the expected range of valuesis
40 percent of the value that is read. The same
tolerance is estimated for the effective thermal
partition of the fireball as seen from above.

- Related Material: See paragraphs 3-1
through 3-3. See also Figure 3-1.
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- Next in importance to the radiant
energy incident on a target is the rate at which
the energy is delivered. Dry leaves that reczive a
radiant exposure of S cal/cm?® within a fraction
of a second would ignite, but tright sunshine
produces the same radiant caposure within"
about 3 minutes without preducing ignition.

311 Thormal Power-Timo Curve )

Figure 3-19 shows the power-time curve
for a 200 kt burst at an altitude of 5,000 feet.
The shepe is complex, with three peaks showing
the results of competing processes (largely asso-
ciated with the changing optical effects pro-
duced by the shock front) that alter the level of
thermal radiation as the fireball evolves. Changes

~ ——in burst altitude and weapon design can change

the number and sizes of the peaks, therefore a
complete, general description of thermal pulses
is complex.

If the curve of Figure 3-19 is normalized
and plotted on linear graph paper it becomes
much simpler, as shown in Figure 3-20. Also,
since equal areas on the linear graph represent
egual amounts of energy, the curve in Figure
3.20 is a more realistic indication of the amount
of thermal damage that each portion of the
pulse can produce. The first peak, which lasts
==ty 2 foaztion of a millisecond and which con-
" tains slightly over 0.1 percent of the energy of
the puise, cannot be sezen. Even the second peak
is so compressed by the linear time scale that

of it shows up as only a vertical line.

When the features of the thermal pulée
were first named, little more was known about
_ the pulse than is shown in Figure 3-20; conse-
quently, these two peaks and the valley were
called first maximum, Bght mininmum, and see-
ond maximuim, Since the earlier features of the
pulse produce negligible damage, many discus-
sions ignore them; consequently, the names
originally assigned to the later features still tend

346

to be used even though these names are not
strictly appropriate. In most of this chapter, the
features shown in Figure 3-20 are called first
maximum, principal minimum, and fina! maxi-
mum (i.e., the first maximum and first minimum
shown in Figure 3-19 are ignored). The first
maximum of low altitude bursts is sometimes
called the shock exposure maximum, a name
that suggests its physical origin. However, this
name does not apply at all altitudes: above
about 60,000 fect, the mechanism responsible
for the first maximum changes.

312 Energy-Time Cuve [}

The energy curve in Figure 3-20 shows
the fraction of the thermal pulse energy that is
radiated by a given normalized time. For
example, it shows that 0.5 percent of the energy
is radiated pror to principal minimum, that
about 28 percent has been radiated by the time
of final maximum, and that 15 percent is radi-
ated at times later than are shown on the graph.

313 The Stendard Thermal Puise §f]

@B Analysis of thermal radiation phenom-
ena may be simplified by sclecting the curves in
Figure 3-20 as being representative of thermal
pulses in general. Since changes in yield, alti-
tude, and weapon design affect the shape of the
pulse, use of such a standard s an approxima-
tion. Fortunately, this approximation is reason-
ably accurate for most bursts below 100,000
feet. The 200 kt burst at 5,000 feet was chosen
as the basis for the standard thermel pulse for
this manual because both yield and altitude have
midrange values for typical thermal problems.

Both of the curves in Figure 3-20 appear
in dimensionless form. The normalizing param-
eters are £ __, the time of final maximum, and
P, .x-» the radiated power at fimal maximum. Of
these parameters, the more frequently calculated
is £ ..» Which specifies the time scale of the
mﬁrethemnlpulse.\’a!msoftm“ may be

vo g v ram———



-

DNR

-

{3

. 1e; 000'G I¢ NG LOYONY 002
¥ 1) GAIND UI[|-IWMOg PRIONOID - ‘815 oty

pejvjeQ

TR v

e



GALVIOVE ADUIND TVAEIHL 30 INISH3d

-

. 198} 000'q ¥ g USI0|iN 002
9 10} SAIND ’:_.—..Bh!_.m pus sw|l-Jemog - ‘0z€ Ea_&

¥R 3L 03ZITYWHON

¢ , .
DO. ..”. § i y .ﬁa
7] ,,
T ¢ HH
® ! : 20
i m
OT T
wd . m
0' 441 ro n
\ { g
h | 1 "
] 3
 J
| - 9o @
» 1 90 o
\ + H- 3
r__l ! 4 4 ot HH o] .I-.lnl:-f. w
“ Pt e
[ -1 Ll -
l- H HH i
: » F | b4
! 1 T H it
00 | W - A * A )8 . <




“imescha s ACENNE TR, SR LA s g gy -y

obtained from Figure 3-21. Data for altitudes
abave 100,000 fest should not be used without

consulting paragraph 3-19. Values of r_ . also
may be obtained from the equation

Inwe = 0.043 W43 (p/p )42 sec,

where W is the yield in kilotons and p/p,, is the
ratio of the air density at the altitude of interest
to the air density at sea level. Equations for
varicus thermal phenomena (including Pm“)
are summarized in paragraph 3-25. Table 34
shows values of pfp, as a function of altitude.
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Problem 3-6. Calculation of Time to Final Maximum

W Eisure 321 shows the time to fina
maximum as a function of weapon yield and
burst altitude. Values of 7 . obtained from
Figure 3-21 can be used to convert the normal-
ized time scale in Figure 3-20 to actual time
after burst.

‘ Example -.

Given: A 25 kiloton explosion at an alti-
tude of 50,000 feet.

Find: The time of the final maximum.

Solution: The value of ¢ may be ob-

max

tained directly by interpolation jn_ Figure 3-21,

or it may be calculated irom the cquation given

in paragraph 3-13.
. Answer: From Figure 3-21,

t 2= 0.078 sec.

max

From the equation

tmu = 0.043 (W)‘“?‘ (p/po)u.u_

3-50

From Table 34, p/p, = 0.153 at an altitude of
50,000 feet in a standard atmosphere. There-
fore,

Loy = (0.043)(25)%43 (0.153)042

= 0.078 scc.

W Reiicviin: Figure 321 was obtained
from a combination of theoretical and experi-
mental data. A description of the manner by
which these numbers were derived is given in
paragraph 3-25. Additional comments on the
reliability are given in the subsection RELI-
ABILITY OF THERMAL SOURCE DATA.
Times given by this figure are estimated to be
religble within +25 percent.

Related Material: See paragraphs 3-11
through 3-13. See also paragraphs 3-24 and 3-25
2ad Table 3-4,
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3-14 Effect of Thormal Puise
Durstion )

‘ For most target materials and a partcu-
lar level of radiant exposure, there is a value of
thermal pulse length that will produce maximum
damage. If the pulse is too short, thers will be
too Little time for the energy to penetrate the.
material of an opaque target. Consequently, the
heat is confined to a thin surface layer. This
Liyer will vaporize rapidly, and will carry the
deposited energy away with it. Often, this vapor
will be in the form of smoke, which will shield
the target from later portions of the thermal
pulse. If the pulse is too long, a thin target (e.g.,
paper) will dissipate the heat as it is received or a
thick target will absorb the energy harmiessly in
a thick layer of material.

. — ‘ For the types ofdamage that receive the

most attention — ignition of waste materials and
skin burns — most nuciear bursts produce ther-
mal pulses that are longer than the pulse that
would produce maximum damage. Conse-
quently, in almost every situation a2 short ther-
mal pulse is more damaging than a long one.
Short thermal pulses are produced by low yields
and high burst altitudes.

The reasoning that has been applied to
different thermal pulses also can be applied to
different portions of the same pulse. The first
puise s wnuuporiant because of the small total
energy that it contains. The final pulse radiates

about 70 percent of the total pulse energy by 3
!, .x» and this portion of the puise produces
most of the thermal damage Another 15 per-
cent of the pulse energy is radizsted between 3
L,.x and 10 ¢ . This also contributes to
thermal damage, but with reduced effectiveness
because™of the lower power level. The remain-
ing 15 percent of the pulse is released after 10
1.ax SO slowly that it fails to add significantly
to the total thermal damage. .

382

3.16 Effect of Altijude on
Pulse Shape

Although both yield and altitude affect
the shape of the thermal pulse, the effect of
altitude is the more severe. Below 100,000 feet,
the changes are relatively minor. As fllustrated in
Figure 3-22, higher altitudes increase the relative
width of the “first” pulse, which now contains
sufficient energy to produce significant damage
in some situations. The higher altitudes also de-
crease the depth of the principal minimum. The
width of the final pulse on the dimensionless
plot remains about the same, and the standard
pulse shape is still a fair representation of the
ability of the thermal pulse from a burst at
100,000 feet t ~ produce damage. Thermal radia-
tion damage to materials is discussed in Section
IIi, Chaptr 9, and thermal injuries are discussed
in Section II, Chapter 10.

W Ficure 323 shows a thermal pulse that
was calculated for a 200 kt burst at an altitude
of 40 km (131,000 feet). Between 100,000 feet
and 131,000 feet, the pulse shape changes dras-
tically. The principal minimum has disappeared,

.and even a logarithmic plot of this power-time

curve would show only a single maximum. These
differences in shape arc caused by low air den-
sity (about 0.33 percent of sea ievel density) and
the resulting weakness of shock wave effects.
(As discussed in paragraph 3-25, the oscillations
in the power-time curves of low altitude bursts
depend strongly on the optical properties of the
shock wave.})

3-16 Ths Effects of Thermal

Pulss Specifications _on

Thermal Partition Y

The time st which the prompt thermal
pulsc ends must be specified in order to define
the total energy of the thermal pulse. Among
the logical choices are the following:

—
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) Since the energy radiated after about 10
fmax Produces little damage, 10 ¢ isa
logical cutoff time. This choice would have
the effect of increasing the height of the
energy curve so that it reaches 100 percent
at101¢ in Figure 3-20.

max

@ At times on the order of 20 or 30 tm ax*
fireball radiation becomes difficult to mea-
sure; therefore, the experimentally mea-
sured thermal pulse typically ends in this
time range.

. Precedent may be found for either aiter-
native. The definition selected in this chapter is
approximately equivalent to the second choice
listed above: the portion of the pulse after 10
!, ax is @ssigned a value of 15 percent of the
total pulse energy. This definition of the prompt
thermal pulse agrees within a few percent with
the thermal pulse as described in most reports
on thermal pulse measurements and on thermal

age effects.

Reports of theoretical calculations of
the thermal pulse usually define the pulse energy
in a way that corresponds roughly to the first
alternative. The reason is a purely practical one:
since calculation of the puise beyond 107 . is
neither accurate nor economical, the calcula-
tions usually are terminated at about 10¢_ .
The revorted energy content of the pulse is the
energy contained in that portion of the pulse
covered by the calculation. In reports describing
these calculated results, a radiant exposure of
8.5 cal/cm? may imply the identical thermal
pulse that is implied in this chapter by a radiant
exposure of 10 cal/cm?. Similarly, a thermal
partition of 0.34 as reported, for example, in
DASA 1589 (see bibliography) is reported in
this chapter as approximately 0.40.

The use of a standard thermal pulse
introduces another problem. Since different
thermal puises have different shapes, the con-
venience of a standard pulse requires some sacri-
fice in accuracy. To minimize the effects of this

loss in accuracy, the most damaging portion of
the pulse is matched carefully but substantial
errors are tolerated where power levels are low.
Comparison of the pulse for 200 kt at 100,000
feet (Figure 3-22) with the standard pulse (Fig-
ure 3-20) shows that the two pulses are nearly
equivalent near the time of final maximum but
qujte different at late times.

l!‘J.‘To achieve this match, all parameters,
including thermal partition, are chosen to give
the correct power level and time scale at the
time of final maximum. For the burst at
100,000 feet, the value of thermal partition so
chosen is a.few percent higher than a value based
solely on total thermal energy. The standard
pulse shape implies a level of late time radiation
that the calculated thermal pulse for 39,000
feet fails to maintain. To match the high power
portions of the calculated pulss to the standard
pulse shape, thermal partition must be made
artificially high.

These matters of definition present no
particular problem within this manual. Thermal
pulses beiow 100,000 fect are specified so that
the standard pulse shape, the assigned value of
thermal energy, and the time of final maximum
imply a pulse that provides a close match to the
actual pulse in its ability to produce thermal
damage. On the other hand, the user must keep
these details in mind if he wishes to compare
thermal data as given in this chapter with similar
data from other sources.

W Fireean sriciTness W

The surface of a nuclear fireball is many
times brighter than the surface of the sun. The
image of the fireball, brought to a focus on the
retina of the eye, can produce burns and
rermanently damage the area covered by that
image (see paragraph 10-20, Chapter 10). Fire-
ball brightness is therefore one of the lmportznt
parameters of the thermal source.

Wl A derailed study of eye damage also re-
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quires knowledge of the spectral distribution of
thermal radiation and the transport properties of
the air as a function of wavelength; however, the
present discussion i¢ limited to the most impor-
tant and most easily used parameter, surface
brightness. This quantity may be measured in
terms of the total power per unit area radiated
by the fireball. Convenient umits are watts/cr?
Brightness of the sen provides a vseful standard
for comparison. As viewed from outside of the
atmosphere, the surface brightness of the sun is
6,350 watts/cm®.

For bursts below 100,000 feet, the ap-
proximate brightness of the fireball at final max-
imum is

_ 27 x 10*
W4 o/py 4

watts/cm?,

“where W is yield in kilotons and p/p, is the ratio

of ambient air density at burst altitude to
ambient air density at sea level This equation
gives a rough approximation of fireball bright-
ness: more complete and accurate data for a
particular yield and altitude may be found from
the equation.

P

B e—
4 x 10*zR?
whererspowermwattsmdutedbytheﬁre—
Ll .l Oy L lreball radius in meters. Vahaes of
P and R, as functions of time may be found for
a wile range of yields and altitudes i “Theoret-
ical Models for Nuclear Fireballs,” DASA 1589
(see bibliography).

Scattered light from a nuclear ﬁ:rehall
can contribute to temporary flashblindness, but
it is too diffuse to produce retinal burns. Conse-
quently, the direct flux from the nuclear fireball
is the only parameter of interest in the study of
eye damage. Transmittance calcalations are not
appropriate, because they include scattered as
well as direct flux.

The direct flux received from a low alti-
tude burst (burst height about 1/4 mile or less)
is attenuated by the factor

= ¢ 29R
T, = N

where T, is the transmission coefficient of the
atmosphere for direct flux, R is the siant range,
and V i visual range. For higher altitude bursts,
the transmission coefficient is

_-m,)_._
T, =

where (k) is optical thickness of the model
atmosphere with 16-mile visual range (Figure
3-2), and A is the height of burst.

These equations give average attenuation
for the entire fireball spectrum and underesti-
mate the amount of infrared energy that the
atmosphere can transmit. Since infrared con-
tributes substantially to eye damage, exposure
to fireball radiation may be somewhat more
serious than the equations given above would
indicate. Figures 10-6 through 10-10 provide
estimates of safe separation distances for eye

e for various observer and burst altitudes.
dﬁﬂoud layers attenuate direct flux more
than they attenuate radiant exposure. A cloud
layer between the burst and the ground will pro-
duce the approximate attenuations shown in
Table 3-3. The transmission coefficients shown
in Table 33 ore bosed on visible light, but they
are expected to apply to the entire fireball spec-
trum within the limits to which a transmission
ooefﬁuentnnhemtd::dtoaprhaﬂaxsky
condition.

THE THERMAL
SPECIAL WEAPONS

-As stated in paragraph 2-45, Chapter
2, weapons that have enhanced radiation out-

LSE FROM
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Table 3-3. - Attenuation of Direct Thermal Radiation by 8 Cloud or Heze Layer -

Transmission

Type of Coefficient
Atmosphere Description of Sky for Direct Flux
Very clear Visual range is 25 miles or more. This 90.0%
condition is rare except at high altitude
locations.

CQlear Sky deep blue. Shadows are distinet 80.0%
and dark.

Light haze Sky white; dazzling near the sun. Shadows © 3.0%
visible, gray.

Medium haze Sky bright grayish white. Can view sun 0.1%
without discomfort. Shadows are visible
but {aint.

Heavy haze Sky dull gray-white. The sun's disk is C.003%
just visible. Shadows are barely discernible.

puts, l.e., weapons that produce a large fraction
of their outp

ut in the form of neutrons. gamma
ill, in er

wave than a nominal weapon of the same
yield. Similarly, the thermal pulse from such
special weapons may be weaker than that froma
nominal weapon. The explanation for the re-
duced thermal output is the same as the explana-
tion for a weaker blast weve: neutrons, gamma
rays, and .. 3% energy X-rays travel much farther
through the atmosphere than the energy froma
conventional weapon; therefore, a large portion
of the weapon energy may be absorbed by air

tes 70 to BO percent of its en X-rays
and re-;
nearly all ol the remaining energy as ther- Q

mal and kinetic energy of the weapon debris (see
paragraph 44, Chapter 4). Such a source serves
as a convenjent starting point for calculations
involving weapons with other characternistics
The procedures described in this subsection
apply to burst altitudes of 100,000 feet and
lower.

317 Effective Therma! Yield
of Special Weapons
The modified thermal effects pro-

far from the burst. This air will not become suf-.€-4 duced by weapons with enhanced outputs may

ficiently hot to contribute effectively to either
the blast wave or to the thermal pulse.

The terms “nominal weapon™ and
“conventicnal weapon™ used in the preceding
paragraph refer to a nuclear weapon that radi-

e

be calculated in terms of an effective thermal
yield. This is defiz.ed as the yield that a nominal
warhead would have in order to radiate the same
thermal energy as the special weapon. Effective
thermal vield should not be interpreted to mean

: 357
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!erm:l energy radiated (a quantity sometimes
assigned to the term “thermal yield™). Effective
thermal yield means the effective value of total
yield 8 be used in thermal calculations.

e concept of effective thermal yield is
an implification, and it cannot describe the
performance of special weapons precisely. For
exampie, the effective thermal yield calculated
on the basis of time of final maximum will, in
general, be slightly different from the effective
thermal yield that gives the correct value of total
thermal energy radiated. A still different effec-
tive thermal yield would predict the correct

power at final maximum.
# In this subsection, effective thermal

yield is the value that gives the correct value for
therm: -cnergy radiated, because, in most appli-
cations, this is the most important of the ther-
mal parameters. Other parameters may be calcu-

" Tlated by using this same value of effective ther-

mal yield, but the calculation will be somewhat
less accurate than if the procedure had been de-
signed to calculate those parameters.

Effective thermal yield is roughly the
amount of energy that the nuclear source de-
posits within a sphere the size of the fireball at
the time of the principal minimum. This radius
IS

_ 95 WS
lp, )2

_ 29 o
lp, )2

R feet

-~

where W is the weapon yield in Idiotons, p is the
ambient air density at the burst altitude, and o,
is the ambient density at sea level. Table 34
shows the ratio p/p, as a function of altitude.
Energy that is deposited beyond the radius
R_;. is assumed to make a negligible contribu-
tion to the energy radiated by the fireball.
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Table 3-4. . Relstive Air Density as a
Function of Altitude

Relative Relative
Altiude Density,* Altitade Densiry,*
(feet) Plo, (feet) plp,
0 1.000 £0,000 0.0361
1,000 0.97} 85,000 0.0284
2,000 0.943 90,000 0.0224
3,000 0915 95,000 0.0176
4,000 0.888 100,000 C.0140
5,000 0.862 110,000 8.69-3t
10,000 0.739 120,000 543
15,000 0.629 130,000 3.45
20,000 0.533 140,000 222
25,000 0.449 150,000 1.45
30,000 0375 160,000 9.77-4
35,000 o3n 176,000 6.69
40,000 0.247 180,000 4.65
45,000 0194 190,000 32
50,000 0.153 200,000 222
55.000 0.121 210,000 1.54
60,000 0.0949 220,000 1.05
65,000 0.0747 230,000 7.05-5
70,000 0.0586 240,000 462 .
75,000 .0459 250,000 260

Po = 2.38 x 10°3 stugs/fe’ = 1.225 gmjem>.
+8RN2 69-3 means 8.69 x 107,

Since the size of the fireball is deter-
mined” by the thermal energy it contains, it
would be logical to let W represent effective
thermal yield rather than total weapon yicld. To
do this requires a trial-and-error approach. Effec-
tive yield is unkpown until the equation given
above has been solved and the energy deposited
within R,  has been determined. In practice,
the accuracy of this method for calculating
effective therme! yield is sufficdently uncertain
that this refinement is seldom justified. Unless
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to tot xeld in the equation.
To detérmine the amount of ma:gy
within a "‘d‘“‘len of the bu:st the

form of the energ

min

1. Fmd the scaled radius

®lp,) Ry = 95 W36 (p/p )78 fect

29 W3¢ (p/p )27% meters.

This is the path length at sea level that passes
through the same amount of air that a path of
length R . passes through at the burst altitude.

Use of this scaled radius makes further scaling
unnecessary.

2. Assume that 100 pement of the debris is
~nmeained within the radius.

pmma nyenunthatndcpuutedw:thmk_h

ofthebmst.'melueanmphotonanvem'

Figure 3-24 is approximately representative of
th? ensrgy deposition propex_'t_is of the gamma
spectrum of a nuclear weapon.

he components of energy deposited with-
in Ry, of the bumt e sdded gpip
cbtai e ;

The caiculation is then repeated on the basis
w value of scaled radius.

the procedures described above may be used to
calculate other thermal parameters by the
methods described in preceding paragraphs. For
example, the effective thermal vield may be
used as the weapon Yyield to caiculate thermal
partition as described in paragraph 3-1.

318 Thermal Pulse

Specisl Weapons
-Thetwopropemﬁﬂlatchanctmzc
special weapons (in the sense that the term is
used in this chapter) are that the initial deposi-
tion of energy fills 2 large volume and that the
density of the deposited energy drops gradually
with distance from the point of burst when com-
pared to nominal weapons. The early fireball of
s conventional weapon rapidly develops a
sharply defined edge, formed by the shock
front. The sharply defined edge results in a very
bright fireball; the diffuse fireball from an en-
hanced wespon is relatively dim, becoming
bnghtonlywhentheshockwnvepromﬁ
through the incandescent region of the initial
fireball and cooler xir.

from

The effective thermal yield calculated by
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appearance at a time that de on yield, alti-
tude, and output’ jes of the nuclear
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Problem 3-7. Calculation of the Effective Thermsl Yield ¢
of a Hot X-ray Warhead _ Py

- Parasraph 3-17 outlines six steps to
be used together with Figure 3-24 to determine

the effective thermal yield of weapons with
enhanced radiation outputs. The effective ther-
mal vield thus obtained is used in place of the
weapon yield to calculate the varicus thermal
parameters as described in preceding paragraphs
of this chapter.

PR
W)

SN Reiated Material: Sec parsgraphs 3-1
through 3-6, 3-17 and 3-18. See also paragraphs
4-4 through 4-8, Chapter 4.
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HIGH ALTITUDE THERMAL
PHENOMENA

are very limited, sothemeﬂ:odsdsm‘bedm
based on information that is sketchy at br™'*. An
additional problem affects theoretical di.a: the
approximations necessary to {imit computer pro-

grams to a usable size become poorer at higher .

altitudes. Although many points of agreement
exist between experimental datz and the corre-
sponding computer calculations, the confidence
that can be placed on theoretical results is less at
high altitudes than at low altitudes.

319 Thermal Partition .

m! Two factors affect thermal partition at
altitudes. First, shock waves form much less

r2232- iz the thinner air; consequently the fire-
ball is able to radiate thermal energy that would
have been transformed to hydrodynamic energy
of the blast wave at lower altitudes. Second, the
thinner air allows energy from the. nuclear
source to travel much farther than is possibie at
cza level. Some of this energy travels so far from
the source that it makes no contribution to the

contained in the fireball

In general, the first of these factors be-
cOol effective between about 100,000 and
140,000 feet, and, as a resuit, thermal efficiency
rises, Above 140,000 feet, the second factor be-
ccimcs the more important and efficiency drops.

Py mthcmommwechoncnspeuzl
wenpons, this method requires that ‘the X-ray
output of the weapon be represented by the sum
of several black body spectra. The energy density
deposited at a given range may then be obtained
from Figure 3-25a or 3-25b. Briefly, the s:aling
procedure is the following: the energy AE,

2, 500 cal/gm mscaled by the equation

AE 2W
= "~ () 7

This equation is solved for AE,, the value of
energy to be read directly from Fisure 3-25aor
3-25b. In this equation. p/p, is the ratio of
ambient air density at burst'altitudc to ambient




,densnty at sea level (Table 3-4), W, is 3 reference
yield of 1 kt and W, :sthecnergy in kilotons,
containedin a partral.hr black body temperature
component of the nuclear source.

The scaled radius R, is read d.uectly

from the horizontal axis of Figure 3-25a or,

3-25b. This radius is related to the actual radius
R, by the scaling equation

- R

However, the rest of the problem does not re-
quire that R, be known; the calculation is based
only on the scaled radius R, . In general, R, 'is
determined by more than a single spectral com-
. —ponent; the way in which this &giculation is per-
formed is made clear in Problem 3-7..

The method of treating debris, gamma,
neutron energy is identical to that d&scn‘bed
h 3-17

The procedures described sbove apply to
burst altitudes up to about 250,000 feet.
320 High Altitude Thermal
Pulse Duration
tu

e explosion rises to its maximum in an
extremely short time and declines from that

Since the thermal pulse from a high alti- .

time (sees Figure 3-23), pulse duration no longer
can be specified in terms of the time to final
maximum. A number that is useful in many
applications is 7., the time required for a pulse

to deliver 70 pereent of the total energy. At low

altitudes,!

ti9 = 2.9 1.,

and it follows that at high altitudes it might be
possible to assizn an eft‘ecuve tune of final maxi-

- . mum such thxt

.‘.:*'_' ?'_ . '.‘ ;
fnax (effective) = r,,/2.9.

e

Analyses of a Emited number of com-

puter calculations of high altitude burst
phenomena show the following trends: below
80,000 feet, the eguation holds within the
scatter of the data; above 80,000 feet, the ther-
mal pulse is delivered more rapidly than this
equation predicts, until at 160,000 feet the
pulse is only about a third as long as predicted
by the equation, above 200,000 feet, the pulse
approaches and, in one case, exceeds the pre-
dicted value. This behavior is shown in Figure
3-26.

@)
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~ ° Problem 38. .Calculstion of Thermal Energy Radistod from -
-aH:d:AltnudnExplwon . . .

. Flgum 3-253 nnd 3.25b" show the den-
sity of deposited  energy from various energy
sources as a function of range from a 1 Kloton
explosion at sea level. These figures, ftogether
with the equations given in paragraph 3-19 pro-
.vide the means to determine the thermal energy
_radiated by various yields at burst altitudes
‘between about 120,000 feet and 250,000 feet.
, If the burst altitude is between 100 kft and 120
kft, thermal partition should be obtained by
interpolation between the thermal partition
. obtained for 100 kft by the methods described

in paragraph 3-1 and the thermal part” “on deier-
. — mined by the methods flustrated b..ow. If the
burst altitude is above 250,000 feet, refer to
parsgraph 3-21.




f

Table 3-4.

5

3-19 through

eral

paramp 3-1
3-21. See also
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321 Bursts Above 250 Kilafest

ol burst at or above about 290,000 feet the
incandescent air heated by absorption of X-rays
from the explosion is approximately at the same
altitude, regardless of the actual height of burst.
The heated region then reradiates at the longer
wavelengths which could reach the ground. The
reradiating region is in the form of a frustum of
a cone, pointing upward, with a vertical thick-
ness of approximately 45,000 feet and a mean
altitude of 270,000. At this altitude, the radius
of the frustum is roughly equal to the difference
Uciweell e hﬂight of burst & and 270,000 feet,
ie., k - 270,000 feet. Consequently, as the burst
altitude increases, the radius of the radiating
region becomes greater but its thickness and alti-
tude remain roughly constant. The shape of the
region thus approaches a thick disk centered at
about 270,000 fect altitude. The debris energy
still is contained fairly locally until the height of
burst reaches the debris stopping altitude of
about 380,000 feet (see Table 8-1, Chapter 8),
but the main effects of thermal energy delivered
as a result of debris deposition at these altitudes
are flashblindness or retinal burns (see Section

LI, Chapter 10). The total thermal energy emit-
ted as a result of the debris deposition is masked
by that energy emitted at lower altitudes as a
result of X-ray deposition insofar as total energy
ches the earth is concerned.

dﬁlﬁubout one-fourth of the X-ray energy
from the explosion is absorbed in the low den-
sity air of the reradiating region, and only a
small fraction, which decreases with the height
of burst, is reradiated as secondary radiation.
Consequently, only a few percent of the weapon
energy is emitted as radiation capable of causing
damage at the earth's surface. In fact, for bursts
at altitudes exceeding about 330,000 feet the
thermal radiation from a nuclear explosion even
in the megaton range is essentially ineffective on
the ground.

If the horizontal distance d from ground
ze10, 1.¢., from the point on the ground immedi-
ately below the center of the disk-like region, to
the position where the incident thermal energy
i5 to be calculated is less than the height of
burst, A, the source may be regarded as being
located at the median radius of the disk in an
altitude of 270,000 feet; this is indicated by the
point S in Figure 3-27. Hence, for the target
point X, the appropriate slant range is given by

R (kilofeet) = {(270)1 +[3/2 (h-270)-d] zl”z'

with d and & in kilofeet. This expression holds
even when 4 is greater than 1/2 (h - 270); al-
though the quantity in the square brackets is
then negative, the square is positive. The slant
range, R_, for ground zero is obtained by setting
d equal to zero; thus,

R, (kilofeet) = [(270)? + 1/2 ( 27071 .

If the distance d is greater than the height of
burst, and equivalent point source is located at

_ _ .
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the center of the radiating disk at 270,000 feet RELIABILITY OF THERMAL
SOURCE DATA

altitude; then

R (kilofeet) = [(270® + d2]'7.

. - The caiculations assumed that 80 per-

cent of the total yield is emitted as X-ray encrgy
and that 25 percent of this energy is absorbed in
the radiating disk region. Hence, 0.8 x 0.25 =
0.2 of the total yield is absorbed. For calculating
the radiant exposure, the total yield W in the
equations in paragraph 3-2 is consequently re-
placed by 0.2 W. Furthermore, the equivalent of
the thermal partition is called the “thermal
efficiency,” €, defined as the effective fraction
of the absorbed energy that is reradiated. Hence,
if R is in kilofeet, the equation for radiant expo-

. —sure given in paragraph 3-2 becomes

17.1e W
€ Tml

2
T Jem*,

Q:

The values of € given in Figure 3-28 as a func-
tion of height of burst and yield were obtained
by the theoretical cziculations mentioned pre-
viously. The transmittance may be estimated
from Figure 3-15, but no serious error would be
involved by setting it equal to unity for the large
burst heights involved. No attempt should be
maae W ierpolate between values of radiant
exposure obtained for a burst height of 250,000
feet bv the method described in paragraph 3-19
and the values obtained for 290,000 feet by the
method described in this paragraph. If values of
radiant exposure from bursts between these alti-
tudes are desired, it is recommended that the

. radiant exposure be calculated for each altitude
(250,000 feet and 290,000 feet) and that the
higher or lower value be taken as gn estimate,
depending on the direction of conservatism that
is desired. ’

3-72

Most of the thermal radiation source
data presented in this chapter were obtained
from the series of computer runs reported in
DASA 1589, “Theoretical Models for Nuclear
Fireballs™ (see biblicgraphy). These data are not
purely theoretical: development of the com-
puter code included comparisons of calculated
results with experimental data, and adjustments
in the assumed weapon characteristics were

m a result of thesz comparisons.
The advantages of computer data (pro-
vi t this choice can be justified) are:

(}) This method eliminates many random
errors that are inh-cent in ~xperimental data.
These random errors include uncertainty ir the
exact value of nuclear yield, instrument errors,
uncertainty in atmospheric -transmittances,
blurring of some results as a resu't of finite time
resolution of certain instruments, and uncer-
tainty in the methods for transforming measured
data to the paramesers required for thermal
calculations.

(2) Computer calculations can generate a
large amount of data for a wide range of yields
and altitudes that are not available from
experiments.

(3) Errors that appear in the code results are
likely to be consistent; therefore, the code
probably predicts the trends produced by
changes in yield or altitude more accurately than
it predicts the results of any individual burst.

The disadvantage of using the code is
that at best it gives only an approximation of
the many processes that determine, directly or
indirectly, the amount of thermal energy radi-
ated. The method of accounting for spectral
absorption lines is an example of the approxima-
tions that are required. A subroutine stores data
for 151,528 different spectral lines, yet thisisa
small fraction of the number of lines that affect
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radiative transport within the fireball.

GQ Justification for using the code is the
ment between code results and measured

data. The most striking areas of agreement are:

(1) radius-time data, which are the most

accurate expenmental data, and (2) the ability

of the code to reproduce intricate details of fire-

ball evolution such as the fluctuations of the-

power-time curve (Figure 3-19) and the complex
:Q:ure observed in high altitude fireballs.

Unfortunately, the code-calculated
eters that are of more direct interest in
this chapter (e.g., thermal partition) cannot be
confirmed as accurately by experimental data.
‘Since uncertainty in the experimental data gen-
erally is as great as the discrepancy between
theory and experiment, the experimental data
prov'’e no clear indication of the reliability of

__the- ode results, e.g., the code reproduces ob-

served firebzall phencmena within the accuracy
of most test measurements.
This agreement has been obtained by
comparisons of early code results with experi-
mental data; however, changes in the code have
never taken the form of arbitrary cormrection fac-
tors. Two examples illustrate the procedure used
to correct the code.
The code, as originally written, did not
predict the correct level of radiation. during the
first maximum. Analysis of the radiative prop-
erties of the shock front revealed that a shock
precursor (discussed in paragraph 3-25), a very
thin layer of heated air ahead of the shock front,
determines the radiative properties of the fire-
ball during this interval. The finc structure of
this precursor was lost by the approximiite
methods that were required to represent the
- shock front on the computer. A postible solu-

- tion, much finer zoning in the region of the

shock front, was rejected as uneconomical; how-
ever, a separate program to calculate shock-wave
properties gave results that agree with the ob-
served first maximum. This separate program

wnsuxdtocoﬂactﬂ;enduuonlevelthatwas

hese illustrations show that the com-
puted results are based on physical data. In a
sense, experimental data are represented indi-
rectly because they indicated the parts of the
computer program that should be examined
more closely. Nevertheless, agreement between
code results and cbservations indicate that the
physics of radiative transport and hydrodynamic
motion is understood well enough that the com-
puter program is an adequate representation of
the fireball itself. Therefore, in this chapter
these codc results are tentatively accepted as the
preferred source of data conceming the source
of thermai radiation from nuclear firebalis.

- RELATION OF RADIANT EXPOSURE

TO PEAK OVERPRESSURE

In many weapons effects problems, the
step is to determine which nudlear effect
establishes the damage radius for a given burst.
The series of figures in this subsection (Figure
3.29 through 3-56) show radiant exposure and
peak overpressure as a function of height of
burst and ground distance for 7 yields The
curves in these figures provide an aid in the
determination of whether hlast or thermal ef-

" fects will be more important for specific situa-

tions. Four families of curves are presented for

- each yicld. In cach casc the first two families of

_

.



curves are for no aimospheric attenuation of the
‘thermal radiation, ie., the worst case thermal
exposure, and the second two families of curves
are for a visual range of 16 miles (a clear day).
Table 3-5 shows a summary of the data pre-
senied in the figures.

These curves reflect the data presented
in praceding paragraphs of this chapter and the
free field air blast data from Chapter 2 accurate-
ly for the yields and conditions shown on each
figure; however, they do not provide the answers
to all potential problems, e.g., only 7 yields are
included, and no data are presented for \nsual

ranges less than 16 miles. The curves are in-
tended to be used as an aid in determining the
relative importance of blast and thermal radia-
tion. Their use can be extended beyond the
particular values that are plotted. For instance,
the value of radiant exposure obtained from the
curves for nc atmospheric attenuation may be
converted to the value for any visual range by
multiplying by the transmittance appropriate to
the given conditions. Interpolation between
yields will provide a first order, and frequently
sufficient, estimate of the more important
effect.

Table 3-5. . Summr';'%f Blast-Thermal Curves .

Figure Yield Atmospheric Blast Values
Number B (kt) Attenuation {psi)
3-29 0.01 None 10-50
330 0.01 None 1- 4
331 0.01 16 Mile Visual Range 10-30
3-32 0.0 16 Mile Visua] Range - 4
3-33 0.1 None 10-50
3-34 0.1 None 1- 4
3-35 0.1 16 Mile Visual Range 10-50
3-36 0.1 16 Mile Visual Range 1- 4
3-37 1.0 None 10-50
3-38 1.0 None 1- 4
3-39 1.0 16 Mile Visual Range 10-50
3-40 1.0 16 Mile Visual Range 1- 4
24 10 None 10-50
3-42 10 None : 1- 4
343 10 16 Mile Visual Range 10-50
3-44 i0 16 Mile Visual Range 1- 4
345 100 None 10-50
346 100 None 1- 4
347 100 16 Mile Visual Range 10-50
348 100 16 Mile Visual Range - 4
3-49 1,000 None 10-50
3-50 1,000 None 1- 4
35 1,000 16 Mile Visual Range 10-50
3-52 1,000 16 Mile Visual Range - 4
3-53 10,000 None ) 10-50
3-54 10,000 None I- 4
358 10,000 16 Mile Vimal Rsnge 10-50
3-56 10,000 16 Mile Visual Range - 4
3-76
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PHYSICS OF_FIREBALL
DEVELOPMENT

It is not necessary to understand the
physics that govern fireball evolution to perform
the calculations of the thermal environment that
are described in the preceding paragraphs. The
following discussion is an introduction to the.
subject of fireball physics that is intended to
introduce certain additional fireball phenomena
and to serve as a bridge to more advanced discus-
sions found in the references.

322 Black Body Radistion [

A basic principal of physics is that a
radiator is also a good absorber of radia-
tion. Thus, a perfectly black object, i.e., one
that absorbs zll of the radiation that is incident
on it, is an ideal radiator of thermal radiation.

.- —Consequently, black body radiation is a con-

venient standard to which thermal radiation
from actual sources can be compared.

The radiation properties of nuclear
w ns frequently may be described as a black
body source of a given temperature or as a com-
bination of several such sources. Paragraph 4-2,
Chapter 4, describes the properties of an ideal
black body source. Paragraphs 44 through 4-7,
Chapter 4, describe the spectral characteristics
of nuclear weapons in terms of black body

sources.
323 Opacity -

The flow of energy through a nuclear
fireball is strongly affected by the opacity of
heated air. The term opacity correctly suggests
impedance to the flow of radjation, i.e., energy
flows more slowly through those parts of the
fireball in which the opacity of the air is high. A
less obvious but equally important effect of
opacity arises from the physical principle de-
scribed in paragraph 3-22: in order to be a good
radiator of thermal energy a material must also
be a good absorber. For this reason the late time

3-104

fireball cannot radiate effectively. The gas be-

comes relatively transparent and, as a-result,
radiates its energy so slowly that it produces

igible thermal damage.
In radiation transport theory, the term
opaci

is assigned = more specific meaning than
it has as a nontechnical world. In 3 medium that
absorbs much more radiation than it scatters
(this is generally true of the hot gases that con-
stitute the fireball), opacity is the reciprocal of
the mean free path, the average distance that a
photon travels before it is absorbed. Thus, the
units of opacity are reciprocal distance, and
values given in the following discussion are in
meters!,

The terms “opaque”™ and “transparent™
are in a less specific sense. A zone of airis

opaque if it is th" -k compared to the mean free .

path of the ral.ation passing through it. For
example, if a region 1 meter thick has an opacity
of 10 meter! (mean free path = 1/10 meter), it
is definitely opaque; if its opacity is 0.01
meter'! (mean free path = 100 meters), it is
quite transparent.

The opacity of a gas is different for
photons of different encrgy; therefore, the radia-
tion to which the value of opacity applies must
be specified. Normally, opacity is given as an
average value that represents the transport
properties of that black body spectrum which
nds to the temperature of the gas.

There is an optimum value of opacity
that allows the fireball to mdiate at the highest
possible rate. This value is low enough to permit
rapid flow of thermal energy from the hot
interior of the fireball to the cooler surface
layers, but it is high enough that all regions of
the fireball are able to radiate the thermal
energy that they contain.

- The physical processes that determine
opaaty over the range of temperature and
photon energies that are of interest are changes
in the energy levels of atoms or meolecules. At




photon energies of a3 few eV* or higher, these

processes involve absorption of the photon
energy by the electrons of the atom or molecule.
At the lower photon energies characteristic of
infrared photons, the interactions may involve
‘changes in the vibrational states of atoms. All of
these interactions involve changes between two
allowable energy states of the atom or molecule.
In many cases the photon encounters an atom
that has no allowable energy level that exceeds
its present energy level by exactly the photon
energy. In these cases, absorption of the photon
is impossible. Photons of visible light propagat-

- ing through air illustrate this condition. The

photon energy is too high to excite the small
changes in molecular energy that certain infrared
photons can produce, and it is too low to pro-
duce the electronic excitation or ionization that
certain photons in the ultraviolet region can pro-
duce. Consequertly, pure air is transparent to
these photons, affecting them only by infre-
quent scattering interactions.

The radiating properties of the firebail
an e surrounding air are strongly aifected by
a particular absorption band of the oxygen
molecule, the Schumann-Kunge band. Although
several mechanisms render air opaque to
photons with energies of the order of 10 eV, the
Schumann-Runge band is parficularly important
because it is effective at lower values of photon
energy than other strong absorption bands. For
this reason, it determines the cutoff energy of
the spectrum of transmitted photon energies.

The Schumann-Rurige band normally
abshrbs only those photons with energids greater
than about 6.7 ¢V. However, when air is heated
to temperatures of a few tiousand degrees,
oxygen molecules are excited to high: vibrational
energy levels, with reduces the enesey gap
between the equilibrium molecular states and
the Schumann-Runge continuum. This smaller
energy gap reduces the energy that a photon
must have in order to induce a transition, and air

at 4,000°K absorbs photons with energies as low
as 3 eV strongly. This is the photon energy that
is associated with violet lights. Thus, the hot
layer of air swrrounding the luminous region of
the fireball removes most ultraviolet energy
from thermal radiation, causing fireball radiation
to contain a much lower fraction of ultraviolet
energy than does sunlight.

324 Tha Firsball Bef
Final Maximum

A discussion of 2 low zltitude fireball
close to the final maximum is valuable for two
reasons: this stage of development is of practical
interest because the buik of the thermal puise is
emitted during this final pulse; it is of theoret-
ical interest because i st of the physical phe-
nomena affecting all w.cages of fireball develop-
ment are active at the time of final maximum.
Figure 3-57 shows the opacity properties of a
particular fireball in terms of four zones.

® Zone I: The hot core of the fireball has a
relatively uniform temperature. For this
reasom, it is called the “isothermal sphere.”
Since this zone is fairly transparent at most
stages of fireball development, thermal
energy flows rapidly from hotter regions to
cooler ones, and large temperature differ-
ences cannot form. At the time shown in
Figure 3-57, the opacity is about 1 meter.

e Zone II: At the edge of the isothermal

- sphere, opacity rises rapidly because of in-
¢reasing air density. Air in this zone not
only is more opague to its own radiation
(the mean free path drops to about 12 cm);
it has much higher opacity to the higher
temperature radiation from the isothermal
sphere. Zone 1 is expanding by heating the
air in Zone II; as a result, Zone 11 has a high
temperature gradient. The outer edge of

-'1 V=16x10 ey
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Zone II forms the radiating surface of the
visible fireball.

@ Zone IlI: Between the fireball and the
shock front, air is too cool to radiate
energy efficiently. The low opacity of this
region to its own radiation reflects this
property. This region is, however, opaque
to portions of the radiation from Zone IL
It absorbs the blue and ultraviolet regions .
of the spectrum. As a result, it intercepts
part of the energy radiated by the fireball
and changes the spectral disttibution of
fireball radiation as seen from 2 distance.

® Zone IV: Ambient air is relatively trans-
parent to infrared, visible, and near-
ultraviolet radiation, and will tran=mit that
portion of the fireball radiation that is
emitted in this spectral region.

325 History of Firshall Evolution

Most of the stages of fireball develop-
ment are of little interest in connection with
thermal damage, but, for some purposes, the
entire sequence of observable phenomena pro-
vides useful information. The most obvious

application is the comparison of computer calcu-

Iations with experimental data. This comparison

is an excellent indication of the degree to which

the computer program simulates actual fireball
ena.

It is not the purpose of this discussion to
consider phenomena that contribute only
minutely to the total thermal output in detail.
The user who desires such detail should copsplt
“Theoretical Models for Nuclear Fireballs ”
DASA 1589, or “Thermal Radiation e-

" DASA 1917 (see bibliography).

Figure 3-58 shows a calculated power-
time curve for a 200 kt burst at 5,000 feet (this
curve was presented previously in Figure 3-19
and forms the basis for the standard therm
pulse in Figure 3-20). The labeled points cone-
spond to the following events:

1. Deposition of the X-ray energy from the
nuclear source produces an extremely hot zone
of completely ionized air surrounded by a transi-
tion region in which the temperature drops to
the ambient value. This transition region is pro-
duced by the higher energy X-ray photons radi-
ated by the source. It is hot (and therefore
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opaque) enough to obscure visible radiation
from the central zone. The radiation that is seen
is produced by this so-called X-ray veil.

2. The isothermal sphere continually expands
as radiation from the hot plasma is absorbed by
the cooler, opaque gases at the edge of the

sphere. The jump in radiated power at point 2.

occurs as this hot sphere breaks through the
X-ray veil and the brightness suddenly increases.

2. Ar the fireball continues to grow by radi-
ative expansion, it engulfs more and more of the
partially opaque air surrounding the veil itself.

4. Hydrodynamic motion, delayed by the
inertia of the strongly heated air, has developed
to the point that a shock front has formed at the
surface of the fireball. The at-upt temrerature
rise created by the shock front produces a sud-
den brghtening of the fireball surface. TP

T TTevent is partially obscured by the shock pre-

cursor, a thin zone of air ahcad of the shock
front thai has been heated by radiation from the
shock front. It is similar to th: X-ray veil formed
at carlier times. The peak at 4 is called the shock
formation maximum.

5. As the shock front is attenuated by its
expansion, both the shock temperature and the
shock precursor temperature fall, and radiated
power declines. At 5, the shock precursor is be-
coming transparent; power starts to increase as
radiation from the shock front penetrates
beyond the edge of the fireball This point is
called the shock precursor minimum.

6. At some altitudes, a peak known as the
debris shock maximum occurs as the shock wave
produced by bomb debris overtakes and intensi-
fies the main shock wave. In this case, this event
happens to coincide with the.shock precursor
minimum; therefore, it is not evident on the
power-time curve.

7. As the shock precursor continues to cool,
radiation from the shock fromt is transmitted in-
creasingly well, and the traditions] first maxi-
mum occurs. Power then falls as the shock front
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drops in temperature. Point 7 is more descrip-
tively termed the shock exposure maximum.

8. The air heated by the shock front, screen-
ing the hot regions deeper in the fireball, pro-
duces essentially the same phenomenon that was
produced at point 5 by the shock precursor. As
the air behind the front cools and starts to be-
come transparent, the radiated power first drops
and then levels off at the principal minimum as
radiation from the hotter inner regions of the
fireball begins to penetrate to the outside.

9. During the final maximum (traditionally,
the second maximum), the fireball radiates the
bulk of the thermal energy. The air behind the
shock front continues to become more trans-
parent, and the radiated power comes from the
large volume of hot air that constitutes the fire-
ball. As each zone of air radiates its energy and
cools below about 6,000°K, it becomes trans
parent and transmits radiation from a zone
closer to the center. Power output drops as the
so-called radiative cooling wave propagates in-
ward and the area of the radiating surface
decreases. .

10. The fireball becomes largely transparent,
but is still capable of radiating energy as spectral
lines. This final phase of fireball evolution is call-




) 1gure 3-59 shows the way in which the
relative timing of some of these events changes
with altitude for a 200 kt burst. The numbers in
circles are the same numbers that appear in Fig-

8 to label various events.

ﬁ From the point of view of thermal dam-
age, the most important change that Figure 3-59
shows is that the principal minimum weakens
and finally disappears as it merges with the
debris-zir shock catch-up and the final maximum
at high altitudes. This effect changes the shape
of the main thermal pulse and is the reason that
the standard thermal puilse is roughly represents-
tive of thermal pulses only at altitudes below
about 100,000 feet.

Although, as mentioned previcusly, the
computer calculations agreed well with the
experimental data with which they were com-
pared, and the calculations form the basis for a
complete set of data that is compatible and can
be put into a form that is suitable for this
manual, they do not necessarily represent the
ultimate answers. A set of semi-empirical equas-
tions has recently been developed that give 7,
and z_, of the thermal puises produced by
bursts up to 100 kilometers. These equations are

fmax = 0.042 G244 (o /py7? sec,
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%re p is the atmospheric density at burst alti-
tude, and p, is the density at the “singular™ alti-
tude for the yield being considered, which is the
altitude at which the thermal pulse changes from
a two peaked pulse to a single peaked pulse, and
which is given by -

p, = 0.033 w2
and
Iy = 0.00365 (pW)44 sec.

For comparative purposes, these values are plot-
ted together with the equations given previously

for rp,, and r_, as a function of yield for
scaled burst heights of 180 W%-4 feet, ie., low
air bursts, in Figure 3-60. This one comparison is
presented only to show some of the uncertainty
associated with the prediction of the thermal
radiation environment. As pointed out previous-
ly, the computer clculations were used as the
basis for the prediction of the thermal environ-
ment in this manual for several reasons, one
being that they provide a complete description
of all of the various phenomena in a compatible
format. Further investigations may reveal that
changes in the presentation of the data are re-
quired.
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